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OF AUTONOMIC NERVE FIBRE 
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The work done hitherto on botulinum toxin suggests that it acts by producing 
some functional derangement of cholinergic nerve fibres, probably at their 
secretory endings. It was shown in a previous investigation (Ambache, 1949) 
that intraocular administration of this toxin to rabbits, in amounts more than 
sufficient to paralyse the cholinergic fibres to the iris, did not seem to have any 
adverse effect upon the adrenergic fibres in the same eye. From these and 
other experiments it was concluded: (a) that the toxin does not interfere with 
the process of nervous conduction—a conclusion substantiated by the electro- 
physiological section of Guyton & MacDonald’s (1947) paper; (b) that the toxin 
exerts its action specifically upon fibres of the cholinergic variety; and (c) that 
it probably produces some defect in acetylcholine secretion—a deduction which 
receives support from the results of Burgen, Dickens & Zatman (1949) on the 
failure of poisoned phrenic nerve-diaphragm preparations to release acetyl- 
choline into the surrounding bath fluid. However, although the possibilities 
have been narrowed down, the nature of this paralysis still remains somewhat 
obscure. Burgen et al. have suggested that it might be due essentially to an 
injury of the non-myelinated terminal portion of the motor nerve fibres. This 
appears rather unlikely for the following reason: in the iris, the adrenergic 
fibres are non-myelinated throughout their length, whereas the cholinergic 
fibres are myelinated, except probably at their endings; this is the only known 
instance of myelination of post-ganglionic fibres in the parasympathetic 
system (Gaskell, 1920). Yet, as we have seen, the toxin distinguishes between 
the two sets of fibres, and acts preferentially upon those that are myelinated up 
to their endings. This phenomenon of the sparing of adrenergic fibres in the eye 
has now been confirmed in another species, the cat, and it is also shown in the 
present paper that these fibres, and their endings, are resistant to 200-300 times 
an amount of toxin which completely paralyses the cholinergic endings in the 
same iris. 
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In order to discover more about this toxin, it was felt that a survey of its 
action upon several different kinds of cholinergic fibres was desirable. The recent 
experimental work on it has been concerned largely with its effect on motor 
nerves, and its other known actions have not been subjected to a close analysis. 
For instance, it was shown in 1923, by Dickson & Shevky, that the toxin 
paralyses the following cholinergic nerves in the autonomic system: the oculo- 
motor, the chorda tympani, the vagus, and the pelvic nerves to the bladder. 
But the site of the lesion in these nerves has not been accurately located, for 
interference with them could be due to a paralysis of either the pre- or the 
post-ganglionic endings, or of both. Unfortunately, in most parasympathetic 
nerves the post-ganglionic elements are short and inaccessible, being embedded 
in the effector organ. Their inaccessibility renders them unsuitable for an 
experimental analysis. The one exception is found in the orbit where the post- 
ganglionic fibres in the short ciliary nerves are of convenient length for 
electrical stimulation. Another convenient preparation of long post-ganglionic 
fibres is found in the sudomotor nerves. These nerves are of particular interest 
because, although they belong to the sympathetic system, their constituent 
fibres are classified as cholinergic. 

From experiments on these two types of fibre, reported in this paper, 
it is clear that botulinum toxin does paralyse post-ganglionic fibres that are 
cholinergic, irrespective of their origin and of myelination. The paralyses in the 
autonomic nerves enumerated above could be accounted for entirely on 
this score, and the question then arises whether the toxin has, in fact, any 
effect upon pre-ganglionic nerve endings. Such an action is to be expected, 
since these fibres are also grouped as cholinergic. A study of the ciliary ganglion _ 
is reported in this paper, which shows that its preganglionic fibres are also 
poisoned by the toxin. A similar investigation on the susceptibility of the 
superior cervical ganglion is in progress, and will be reported later. 


METHODS 


The toxin preparation of type A has been the same throughout; the details of its toxicity 
(LD. : 01g. /kg. mouse), and of its cold storage in the dark as a 0-5 % solution in a 50 % glycerinated 
phosphate buffer (three batches of pH 6-84, 6-84 and 6-9 respectively) have been given in a previous 
paper (Ambache, 1949). The stock solutions tended to deposit a brownish sediment; they were 
therefore thoroughly stirred until this sediment was dispersed, before making dilutions from them in 

Only two experiments were carried out with a type B botulinum toxin, made available through 
the kindness of Drs D. W. Henderson and J. Keppie, of the Microbiological Research Station, Porton, 
as a powder prepared by acid precipitation and freeze-drying; its toxicity (LD,,:0-06 fg. / Kg. of 
mouse) was approximately 1-7 times as great as that of the A toxin. It was ground slowly, and sus- 
pended in the usual glycerol-buffer mixture (pH 6-84). The optimum pH, from the point of view 
of solubility and maximum stability, of pure type B toxin is said to be on the acid side of pH 45 
(Lamanna & Glassman, 1947), which makes this toxin rather unsuitable for some kinds of ex- 


periment, e.g. those on ‘local’ botulism, because of the bility of side-effects 
acid solutions. 
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Preliminary injections of toxin into various tissues were carried out under ether or intraperi- 
toneal nembutal (40 mg./kg.) anaesthesia. Controls were performed by injecting into the cor- 
responding tissue on the opposite side of the body an identical amount of toxin boiled previously 
for 5 min.; it may be necessary to prolong the boiling when very large doses of toxin are used. 

Intra-ocular injections. Two procedures were used: (a) Before injecting toxin (active or boiled) 
into the anterior chamber, an equal volume of aqueous humour was withdrawn. The needle was 
left in the anterior chamber, but the syringe containing the aqueous humour was disconnected, 
and rapidly changed for one containing toxin. During the change-over a drop of aqueous humour 
was lost, so that the volume withdrawn was always larger than the volume of toxin injected. When 
the toxin was in the anterior chamber, it was thoroughly mixed with the remaining aqueous 
humour by a to-and-fro movement of the plunger. With this method there was usually a rush of 
aqueous humour on withdrawing the needle from the eye. Because of this leak through the 
puncture in the cornea, the effective amount of toxin was almost certainly not the whole of the 
dose administered, but some unknown fraction of it. (b) For this reason, the procedure was altered 
slightly for the last five experiments, in which it was essential to make quite sure that the very 
large doses of toxin which were used in these particular experiments (100-750 yg.) remained in their 
entirety in the anterior chamber. This was achieved by making the needle track through the cornea 
very oblique, and consequently valvular. A sharp needle is essential in order to leave a track with 
clean edges; it is best to use a new one for each injection. The needle (short-bevelled no. 27 s.w.g.) 
is driven into the cornea almost parallel with the corneal surface; once in the cornea, the needle is 
driven forward between the corneal lamellae for 2-4 mm., after which the point of the needle is 
dipped inwards into the anterior chamber. In these experiments the toxin solution was made 
up fresh from the powder, and dissolved in saline or in diluted glycerol-phosphate buffer (final 
concentration: 0-9% NaCl, 10% glycerol, 0-03% gelatin, 0-04% Na,HPO,), in order to avoid 
introducing unduly large amounts of glycerol into the eye. It was injected in a volume of 0-05 — 0-1 
ml. without removing any aqueous humour, as it was felt that the valve-like needle-track would seal 
itself more efficiently at a higher intra-ocular pressure. Also, slow withdrawal gave better results, 
presumably by allowing time for the track to seal itself in the wake of the needle. The method was 
tested out with a dye on both a rabbit’s and on a cat’s eye, and proved effective for the retention 
of injected dye. It will be referred to in the text as the ‘sealed’ type of injection—the ordinary 
injections being ‘unsealed’. A sample of the toxin solution used in two of these experiments was 
examined bacteriologically; both samples were found to be sterile (no growth in a broth culture 
after 72 hr.). 

Pupillary measurements refer to the horizontal diameter of the pupil, as measured with calipers, 
except for those experiments illustrated by photographs in the text. 

Intoxicated animals appear to be more susceptible to nembutal. When large doses of toxin have 
been administered, it is useful to reduce the anaesthetic dose of nembutal to 26 mg./kg. in the 
final experiment; even then, it may be necessary to apply artificial respiration. 

Experiments on sudomotor nerves. Young kittens were anaesthetized and given a preliminary 
injection of toxin into the central hairless pads of the feet; one forelimb and one hindlimb pad was 
injected. The contralateral pads were in each case injected, as controls, with the same amounts of 
boiled toxin. With one exception, each injection was subdivided and given at four points on the 
pad (two in the middle section, and one in each lateral section of the pad). 

Subsequently the cats were anaesthetized with ether or nembutal, 18-72 hr. after the adminis- 
tration of toxin, Both sciatic nerves were ligated and cut high in the thigh. The brachial plexus 
was also exposed on each side, and picked up in a loop of thread for stimulation. 

Retrobulbar injections. The nictitating membrane was retracted slightly to the nasal side, and the 
tip of a blunt forceps was spread open in the conjunctival fornix on that side of the eye, pushing 
the eyeball gently laterally. A no. 15 syringe needle was then driven in through the fornix, tan- 
gentially to the eyeball at about ‘9 o'clock’ (medially), or even at 8 o'clock’ (slightly infero- 
medially), and then backwards with a slight movement curving round the eyeball, until the 
needle had been driven in for a distance of 1-1-5 cm. from its tip. Preliminary injections on a 
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cadaver, with the orbit dissected, showed that, if the syringe needle was driven in for the specified 
distance in this way, there was no injury to the eyeball; also, the tip of the needle was still well 
away from the optic and ciliary nerves and ganglia, but was within the conical space formed by 
the recti muscles. Toxin was injected in a volume of 0-1-0-3 ml. 

Exposure of the ciliary ganglion and short ciliary nerves. On the appearance of the botulinic 
effect, 19-72 hr. from the moment of injection, the cats were anaesthetized again with nembutal, 
and decerebrated. The nembutal was necessary to suppress head movements and elevation of the 
blood pressure, which may arise reflexly during the dissection of the orbit. A trephine hole was 
made on each side of the skull, and the calvarium was completely removed with a bone cutter, to 
give a wide exposure of the brain. After incision of the dura, the brain stem was transected at the 
level of the bony tentorium, with care to avoid injuring the third nerve on each side. These nerves 
were either picked up gently in a loop of thread in situ, or cut and tied as close to the brain stem 
as possiblé. In order to free a greater length of nerve for stimulation, the dura was sometimes 
snipped carefully with scissors where it overlies the oculomotor nerve (the nerve can be seen through 
dura for some distance on its way to the superior orbital fissure). This removes an edge in the dura 
across which the oculomotor nerve tends to break on manipulation. The clamps on the carotid 
were released as soon as possible after the decerebration, before proceeding with the rest of the 
dissection. 

The skin and fascia were then incised along the supra-orbital margin, and, with a blunt blade 
inserted through this incision, the orbital periosteum was separated from the bony plate which 
forms the roof of the orbit. On the superior side of this bone, the overlying dura was also incised 
and completely stripped away. The whole of this triangular plate of bone was then removed as far 
back as its apex at the optic foramen. Near the apex this must be done with care, because of the 
presence of four arteries which enter the orbit on the lateral side of the optic nerve (see Davis & 
Story, 1943, fig. 5). If these vessels are avoided the rest of the dissection is bloodless. A fine- 
pointed ooldlite illuminator was placed just above the orbit. Its use, and the application of warm 
saline swabs at intervals, prevented any drying of tissues in the orbit, an early index of which is 
a rapid blackening of the eyeball, which seems to be due to an increase in the transparency of the 
sclera, allowing the choroid to be seen through it. 

Proceeding with the dissection, the ethmoidal and frontal vessels and nerves, which are seen 
immediately under the orbital periosteum, were cut between ligatures. The middle 1 om. of the 
superior and lateral rectus muscles, and of the corresponding segments of retractor bulbi, was 
removed between ligatures, and these two muscle groups were pulled widely apart at their origin. 
This dissection exposes about 1 om. of the optic nerve at the back of the eyeball, with the ciliary 
artery winding round it. The accessory ciliary ganglion is also visible, with two lateral short ciliary 
nerves arising from it, on the dorsolateral side of the optic nerve. Both short ciliary nerves were 
picked up on a fine thread for electrical stimulation with 100 f. electrodes of pure silver 1-5 mm. 
apart, and insulated up to 2 mm. from the tips. 

When necessary, the dissection was carried farther back to the ciliary ganglion proper, and its 
two efferent roots were included in a loop of thread. The disposition of the branches of the main 
and accessory ciliary ganglia in the cat is shown in a diagram by Whitteridge (1937). The position of 
the ciliary ganglion proper, as shown in that figure, is somewhat misleading. It is true that, at the 
end of a dissection, particularly after enucleation of the eyeball as in Whitteridge’s experiments, 
the ciliary ganglion may be found pulled out laterally to the optic nerve, but in present ex- 
perience it was found to lie either inferior or inferomedial to the optic nerve; it is necessary to 
curve round, and slightly underneath, the optic nerve in order to find it. This point was confirmed 
in a dissection of a cat’s head preserved in formalin. 

The cat was the animal of choice for these experiments on the ciliary ganglion. Guinea-pigs are 
too small, and rabbits were found to be unsuitable because of the existence in them of a large, bag- 
like, venous sinus (Davis, 1929, figs. 15, 16), enveloping the whole eyeball and the posterior 
two-thirds of the recti muscles. It is difficult to expose the apex of the orbit without incising this 


sinus, and the bleeding from it obscures further dissection. 
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muscles, and of the inevitable fall in temperature of the eyeball when its coverings are removed, 
_ both of which factors were perhaps responsible for the rather weak pupillary constrictions (about 
2mm.) sometimes obtained in normal eyes on stimulation of the short ciliary nerves in winter. 

The experiment was therefore much simplified by blocking the adrenergic nerve supply to the 
iris pharmacologically with dibenamine (15-20 mg./kg. administered intravenously at least 30 min. 
earlier; Nickerson & Goodman, 1947). The effectiveness of this block was tested before the dis- 
section was begun, by applying, at intervals, a maximal stimulus to the cervical sympathetic nerve 
pre-ganglionically until the dilator response was completely paralysed, or very nearly. After this, 
the dissection in the orbit was started, with the following modifications: the superior and lateral 
recti muscles and retractor bulbi were not resected; they were separated carefully as far back as 
possible, and a loop of thread was placed loosely round each of these two muscle groups, allowing 
retraction, at intervals, for the purpose of stimulation. On retraction, the optic nerve and its over- 
lying ciliary nerves (long and short) became visible, and the electrodes were applied to the lateral 
short ciliary nerve in situ, a few millimetres behind the posterior pole of the eyeball. 

Injection into the nictitating membrane (cats). The free cartilaginous end of the nictitating mem- 
brane was grasped at its pigmented border with iris forceps, and the movable part of the membrane 
was drawn forward. The needle was inserted into the nictitating membrane pointing backwards 
at a point 5 mm. or more from the free edge, on the nasal surface of the membrane; it was then 
directed on for 3-4 mm. under the epithelium towards the root of the membrane. The volume of 
toxin injected varied between 0-1 and 0-2 ml., and produced a visible swelling at the root of the 
membrane, 

In the subsequent experiment (19-72 hr. later) the animals were anaesthetized with nembutal, 
and the contractions of the two nictitating membranes were recorded with an isometric lever. 
The threads from the nictitating membranes were disposed symmetrically over pulleys equidistant 
from the midline of the animal, and were tied to the same lever. When records were taken from one 
side, the pulley of the opposite side was raised until its thread was quite slack. It has been the aim 
to make the initial tension of the nictitating membrane the same for both sides, since it is known 
that the tension increment on nerve stimulation varies with the initial tension (Hampel, 1934), 
experiment in the present series, but were always very nearly the same in any one 
experiment. The nictitating membranes were made to contract by maximal electrical stimulation 
of the cervical sympathetic nerves, both pre- and post-ganglionically. 

A square wave generator (Attree, 1950; oscillator circuit of fig. 2, and pulse-generator of fig. 3) 
was used for electrical stimulation of the various nerves in these experiments. The characteristics 
of the stimulus, when quoted, are given in the following order: vol bat c, pulse width, frequency, 
duration of application. 


Modified orbital dissection when using dibenamine. The dissection of the short ciliary nerves right 
back to the ciliary ganglion, as just described, was necessary for the following reason. In the cat, ö 
sympathetic fibres enter the larger, lateral, short ciliary nerve, usually at the level of the accessory 
ciliary ganglion (Christensen, 1936, p. 230). It was found that stimulation of the lateral short ciliary N 
| nerve beyond the accessory ciliary ganglion, or even near this ganglion on its proximal side, usually . 
resulted in a dilatation of the pupil, i.e. the parasympathetic effect was masked by the simultaneous 
excitation of sympathetic fibres. To avoid this it was necessary to apply the electrodes well back, q 
as near the main ciliary ganglion as possible, and with care to avoid spread of current. This neces- | 
sitated the resection of the superior and lateral recti, and equivalent segments of the retractor 1 
bulbi. It was felt that this part of the dissection was undesirable because of possible interference 
with the venous return from the eye, which may anastomose with the veins of the extrinsic ocular 1 
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RESULTS 
8 Lility of cholinengt Rondo fibres 

(1) Parasympathetic: short ciliary nerves (myelinated). In previous experiments 
on rabbits, referred to in the introduction, in which, after injections of toxin into 
the anterior chamber, there was neither a reaction to light, nor a response to 
oculomotor (pre-ganglionic) stimulation, it was inferred, largely by analogy 
with the phenomena observed in voluntary muscle, that the lesion was in the 
post-ganglionic nerve-endings within the iris. In view of the deliberate placing 
of toxin in the anterior chamber, this inference seemed reasonable. Although 
it would have been preferable to stimulate the short ciliary instead of the 
oculomotor nerves, i.e. post- instead of pre-ganglionic fibres, this was not 
feasible because, as already mentioned, the exposure of the short ciliary nerves 
in rabbits is attended by haemorrhage. But it has now been possible to test this 
point in the present experiments on cats. The species susceptibility of the cat to 
botulinum toxin is far lower than that of rabbits, so that higher doses of toxin 
have been used in the present series. All the injections referred to in this section 


were ‘unsealed’ (see Methods), so that the threshold dose of toxin is probably 


smaller than that found by this procedure. 

Type A toxin was injected into the anterior chamber of one eye in eight cats. 
The doses of toxin were 5, 10, 10, 10, 12, 15, 25 and 500 ug. respectively, and 
the control eye usually received an equal amount of boiled toxin. Type B toxin 
(10 ug., pH 6-89) was used in only one experiment, with identical results. 

The first of these cats was observed for several weeks, but was not used for 
a subsequent experiment, because the ensuing paralysis was subtotal. The pupil 
in the eye which had received 5 ug. of active toxin was much wider than the 
control, but there was still a residual reaction to light. In one other animal 
(10 ug.) the paralysis was subtotal at the time of experiment 19 hr. later. But 
in the remaining seven cats there was, sooner or later, both a marked difference 
in pupillary diameter between the two eyes, and a complete absence of re- 
action to light on the intoxicated side, indicating a total paralysis in the third 
nerve. The animals were then anaesthetized and decerebrated (1-11 days 
later), and the effect of nervous stimulation was observed. 

In four of these experiments, stimulation (5-10 V., 1-3 msec., 20 cyc./sec., 
5 sec.) of the intracranial part of the oculomotor nerve, i.e. pre-ganglionically, 
elicited a miotic response on the control side; the response was obtained at 
intervals on repeating the stimulus. On the intoxicated side there was not the 
slightest movement of the iris when the same stimulus was applied repeatedly. 

In two of these experiments (both after 10 Ag. type A), the ciliary ganglion 
was exposed on each side, and both medial and lateral short ciliary nerves were 
picked up in the same loop of thread for stimulation (2-5 V., 1-2 msec., 
10-20 cyc./sec.) just distally to the ciliary ganglion. In both experiments the 
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results were clear-cut. Stimulation of the short ciliary nerves on the control 
side, as near the ciliary ganglion as possible, repeatedly constricted the pupil. 
The same stimulus applied to the short ciliary nerves on the intoxicated side 
was completely ineffective. The effect was tried of raising the voltage applied 
to the short ciliary nerves on the intoxicated side to 10 and 20 V.; this made 
no difference to the result, and raising the voltage further produced dilatation 
of the pupil, presumably through spread of current to the long ciliary 
nerves. 

Use of dibenamine. As mentioned in Methods this type of experiment was 
greatly simplified by the use of dibenamine; and by blocking the adrenergic nerve 
endings in the eye, anomalous effects, due to spread of current from the short 


to the long ciliary fibres, could be avoided. The protocol of one experiment 
will illustrate this and several other points. 


6. xii. 49. Cat, 3-1 kg.; ether. 10 ug. type B toxin injected into left anterior chamber (unsealed). 
Right eye uninjected. 

8. xii. 49. Left pupil widely dilated but still reacts very slightly (1-2 mm.) to light. 

12. xii. 49. Horizontal diameters of the pupils in diffuse light: right 5 mm., left 13 mm.; left not 
reacting to light. 3.03 p.m., 110 mg. nembutal intraperitoneally. 3.21 p.m., right 2-5 mm., left 
13 mm. | 

Subsequent maximal stimulation (5 V., 4 msec., 50 cyc./sec., 5 sec.) of the cervical sympathetic 
nerve dilated the pupil by 8 mm. on the right (average of three readings) and by 2 mm. (13-15 
mm.) on the left (average of two). 

3.55-4.05 p. m., slow intravenous infusion of 40 mg. dibenamine HCl in 20 ml. of warm saline. 

4.34 p.m. stimulation of cervical sympathetic dilates right pupil by 1-5 mm. (average of three); 
left pupil, by 0-5 mm. (twice). 

Exposure of the optic nerve and stimulation, in situ, of the overlying short ciliary nerves (pulse 
width raised to 1 msec., and voltage 5 or 10 V.). 

Right side. Constrictions at: 

5.05 p. m., 7-55 mm. 
5.12 p. m., 7.55 mm. 
5.15 p. m., 7-56 mm. 
5.16 and 5.22 p.m.,7 8 mm. 


Left side, Repeated stimulation completely ineffective; no flicker of movement in the iris. 


(2) Sympathetic: sudomotor fibres (non-myelinated). As has been noted by 
earlier workers (see Burn, 1922), the secretion of sweat is easier to elicit in young 
animals, probably because the epithelium on the hairless pads of the feet tends 
to thicken with age. Accordingly, four kittens weighing between 0-85 and 
1-7 kg. were injected subcutaneously with toxin into the central hairless pad 
of one fore- and one (usually the crossed) hindlimb; the control pads on the 
heterolateral (fore or hind) limbs were injected with the same amount of boiled 
toxin. The doses of toxin were 10, 20, 20, and 100 fg. After intervals of 21, 18}, 
72 and 19 hr. respectively, the animals were used for experiment. In two of 
these experiments the kittens were anaesthetized with ether; at a certain stage in 
the anaesthesia sweat appeared on the control but not on the intoxicated pads, 
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showing the pattern of the ‘denervation’. In a third animal there was no 
sweating at all during ether induction. 

In all four of these experiments the sciatic nerves were exposed, and in three 
the brachial plexus was exposed as well. Stimulation of these nerves was begun 
on the control side, and the characteristics of the stimulus which was adequate 
to excite sweating were discovered. This stimulus was then repeated at inter- 
vals, producing the appearance of sweat on the pad and toes in all the control 
limbs. The appearance of sweat was timed with a stopwatch, and delays of 
5, 10, 10 and 20 sec. were recorded in the four experiments. The same stimulus 
was then applied for the same duration, or longer, to the nerve on the intoxicated 
side. In every instance sweat appeared after the usual interval on the toes, which : 
had not been injected with toxin. But on the pads there was either no sweat 
at all (in two of the forelimbs) or only a very few beads of sweat on the lower 
margin of the pad, and none in the centre of the pad (in four of the hindlimbs), 
contrasting markedly with the profuse sweating which had been observed on 
the control side. Raising the voltage of the stimulus further did not increase 
the amount of sweat on the intoxicated pads. 

Action of drugs. The glands in the intoxicated pads could be made to sweat, 
sometimes copiously, by the administration of drugs. Sweating was elicited 
by acetylcholine (50-100 fg.) injected directly into the intoxicated pad, in 
two out of three experiments; in the third experiment, the responses to acetyl- 
choline were very poor even on the control side. 

In one experiment, sweating followed the injection of 0-1-0-2 yg. of 2268F 
into an intoxicated pad. 2 yg. elicited sweating in a control pad within 15 sec. 

When these effects had subsided, the administration, in three of these 
experiments, of pilocarpine (0-25 and 0-5 mg. intravenously or subcutaneously) 
produced generalized copious sweating on all toes and pads in all the limbs 
within 0-75-2 min. 

Thus, in every case, the administration of these various drugs produced 
sweating in what had been previously a sweatless area in the intoxicated pads. 
Pre-ganghionic fibres 

Ciliary ganglion. The symptoms produced by retrobulbular injection of 
active toxin, are twofold: those related to an impairment of function in the 
ciliary ganglion, and those related to other structures. To take the latter 
first: there was paralysis of the extrinsic ocular muscles in all of ten cats 
receiving 20-75 yg. of toxin; such animals would follow moving or distracting 
objects with the sound eye, whilst the other eye remained immobile. There was 
also a slight narrowing of the palpebral fissure. 7 

The effect on the ciliary ganglion was manifest within 24-48 hr. (usually 
within 24). The pupil on the side which had received active toxin was widely 
dilated, and did not react to light. The difference between the two pupils is quite 
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as striking as that produced by injections of active toxin into the anterior 
chamber, although, as we shall see, it is due to a different type of lesion. It is 
shown in Pl. 1 where, for the sake of photographic convenience, advantage was 
taken of the fact that during deep nembutal anaesthesia the pupils, in the 
cat, become slit-like even in diffuse light, if the eyelids are open. Thus in 
Pl. 1A and C, before the injection of toxin, nembutal produced a slit-like pupil 
on both sides. After these photographs were taken, toxin was injected retro- 
bulbarly on one side, and boiled toxin on the other. Next day (Pl. 1D), and 
3 days later (Pl. 1B), the animals were again anaesthetized with the same 
amount of nembutal, to show the disparity between the pupils. On the side 
with boiled toxin the pupil narrowed down to a slit as usual, but on the side 
with active toxin it remained widely dilated. Although, in the conscious 
animal, there was no reaction to light in the eye on the intoxicated side, yet 
careful illumination of that eye alone, by shining a light on it down a long 
paper tube, elicited a consensual reflex in the opposite, normal, iris, There was 
thus no evidence from these observations of any ill effects of the toxin upon 
the optic nerve fibres behind the eye; nor is there any impairment of the 
sympathetic fibres in the orbit, as we shall see below. 

Analysis of the effect on the ciliary ganglion. In six of the above cats, pregangli- 
onic stimulation of the oculomotor nerve at its emergence from the brain stem 
was completely ineffective on the intoxicated side (e.g. Pl. 2F); identical 
stimulation of the oculomotor nerve on the control side produced the usual 
constriction of the pupil (e.g. Pl. 2 E). 

In four of these experiments, post-ganglionic stimulation of the short ciliary 
nerves on the intoxicated side, elicited a distinct constriction of the pupil, 
which varied in magnitude in the different experiments. The effect was photo- 
graphed in the last experiment of this series, in which the use of dibenamine 
permitted the simplified version of the dissection; it is shown in Pl. 2H. In 
one of these experiments (20 Hg., 68 hr.), the pupil tended to remain constricted 
for some time after stimulation of the short ciliary nerves at 100 cyc./sec., and 
it was convenient, in this experiment and in one other (50 g., 48 hr.), to dilate 
the pupil, in between short ciliary stimulation, by stimulation of the long 
ciliary nerves in situ. The constriction response was repeatable. 

It has not been possible to obtain a maximal constriction of the pupil on 
stimulating the short ciliary nerves (frequency of stimulation ranging between 
20 and 100 cyc./sec., and pulse width of }-3 msec.) either in intoxicated, or in 
normal, orbits. In three of the four experiments quoted above, this may have 
been due to simultaneous stimulation (see Methods) of the antagonistic adrener- 
gic fibres both in the long ciliary nerves, and in the short ciliaries beyond the 
accessory ciliary ganglion—though Luco & Salvestrini (1942), stimulating 
beyond the accessory ciliary ganglion, i.e. a mixture of pupillo-constrictor and 
dilator fibres, have recorded constrictor effects. 
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In the fourth experiment (Pl. 2) this reason could not apply because the 
sympathetic fibres were blocked with dibenamine. The reason may lie in the 
condition of the eye, especially its temperature, after the orbital dissection. 


The possibility was entertained of a spread of toxin from the retrobulbar injection site to the 
iris, for instance by diffusion through the sclera to the perichoroidal space, and thence to the iris. 
If this were happening, part of the paralysis described in this section could have been post-gang- 
lionic. 

Other forms of spread were considered, but seemed to be excluded. Thus the entry of toxin into 
the eye via the blood stream, after absorption into the general circulation, would appear to be 
insignificant, since the contralateral, control, eye showed no signs of intoxication. Again, lymphatic 
connexions between the inside of the eyeball and the outside are non-existent (Duke-Elder, 1938). 

Three experiments were performed to test the passage of toxin through the sclera. Toxin 
placed subconjunctivally near the limbus lies on a layer which is continuous with the retro- 
bulbar sclera; if the toxin could permeate or diffuse through the sclera, it would soon gain 
entry into the anterior chamber, and as little as 2-5 yg. (see below) would be enough to paralyse the 
sphincter. But this has not been the case, even after subconjunctival injection a few mm. from 
the limbus superolaterally, of several multiples of that dose, e.g. 50, 100 and 150 pg. of toxin. 
After 4, 3 and 1 days respectively, the condition of these three cats was the same. The toxin had 
produced a slight ptosis, and a paralysis of the extrinsic ocular muscles, as a result of which the 
cat would follow moving objects only with its unpoisoned eye. Tilting of the head produced rolling 
movements in the sound eye only. But there was no sign of paralysis in the iris, which reacted to 
light equally on both sides, and showed no tendency to dilate as it does after intracameral injections ; 
in fact the pupil on the intoxicated side was slightly smaller than the control in the last two 
experiments. Moreover, this showed that, though the toxin had obviously spread back as far as 
the extrinsic ocular muscles, significant amounts had not reached the ciliary ganglion, which lies 
within the apex of the cone formed by these muscles. 

It is also worth mentioning that in the cats receiving 50-500 fg. of toxin in one nictitating | 
membrane (see below) the pupils were usually equal (smaller in one case), and both irises reacted 
to light 19-72 hr. later. 


In conclusion, the experiments described in this section provide the first 
instance of a preganglionic paralysis produced by botulinum toxin. It is clear 
that the preganglionic fibres in question fall into line with other cholinergic 
fibres as regards susceptibility to this toxin. 


The sparing of adrenergic postganglionic fibres 

Previous experiments on rabbits’ eyes (Ambache, 1949) have shown that 
botulinum toxin appears to act selectively on the cholinergic nerve supply to 
the iris. Doses of toxin which produced a complete paralysis of this set of nerve 
fibres seemed to have little or no effect on the pupillo-dilator fibres, which are 
adrenergic. This point has now been confirmed, and further elaborated, on cats; 
much larger doses of toxin have been used, some 200-300 times more than the 
threshold dose required to paralyse the cholinergic fibres, and the period of 
exposure to the toxin was prolonged to 2-3 days. 

It was also thought desirable to investigate this problem of the apparent 
insusceptibility of adrenergic fibres to the toxin, on another muscle with 
adrenergic innervation. A bilateral structure is preferable for experiments of 
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this type, which require a control on the same animal, and the nictitating 
membrane of the cat presents itself as the most suitable preparation. 

Pupillo-dilator fibres. (a) Toxin in the anterior chamber ( unsealed’ injections). 
This section is based on the experiments already partly described on p. 6. 
The state of the adrenergic fibres was investigated only in those experiments in 
which the cholinergic fibres were completely paralysed. 

Stimulation of the long ciliary nerves in two experiments (10 yg. type A 
toxin) and of the cervical sympathetic nerve preganglionically in three others 
(15 and 500 yg. type A; and 10 yg. type B toxin, already quoted in protocol 
on p. 7) produced repeated dilatation of the pupil. The dilator responses were 
measured only in the latter three experiments. They were of course smaller in 
magnitude in the intoxicated eye than in the control, but this is perhaps due 
only to the fact that the pupil is already considerably dilated on the intoxicated 
side, before sympathetic stimulation. But the pupil in the intoxicated eye 
appeared to dilate to its fullest extent as shown by the measurements below: 
Type A toxin: (1) 15 wg. (unsealed) ; 11th day. 

Responses to identical cervical sympathetic stimulation : 

Control 0-5-+11 mm., 0-512 mm. 
Intoxicated 9-513 mm., 10-5—14-5 mm. 
(2) 500 yg. (unsealed); 3rd day. 

Responses to identical cervical sympathetic stimulation : 

Control 9 mm., 110 mm., mm. 
Intoxicated 9— 14 mm., 9-14 mm., 9-14 mm. 


(6) ‘Sealed’ method of injection. The sealed method of intra-cameral injection 


was introduced to overcome an element of uncertainty, present in the foregoing 


experiments, about the exact dose of toxin remaining in the anterior chamber 
after injection. This was a serious drawback in quantitative studies, for instance 
when it was desired to expose the iris to large, known, amounts of toxin. 

The first experiment was performed to obtain some idea of the threshold 
amount of toxin which, when injected by this method into the anterior chamber 
will paralyse the cholinergic pupillo-constrictor fibres. A ‘sealed’ injection of 
2:5 yg. into the left eye, and of 4-5 yg. into the right eye of the same cat, 
produced the usual mydriasis and loss of reaction to light; the paralysis was 
almost total on both sides (reactions of about 1 mm.) within 16-24 hr., and total 
within 3 days. Subsequently, e.g. 8 days later, the left iris would occasionally 
respond (c. 1 mm.) to light. From this experiment the threshold dose of toxin 
would appear to lie between 2-5 and 4-5 yg., but nearer to 2°5 pg. ; 

In four other experiments 100, 500, 500 and 750 yg. respectively of toxin 
were injected into the anterior chamber. The toxin, in a volume of 0-05-0-1 ml., 
was mixed several times with the aqueous humour (the volume of which, ina cat, 
is about 1 ml.) before withdrawing the needle from the eye. On withdrawal, the 
eye was carefully observed, but no leakage comparable to that which occurred 
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in the previous experiments was seen. Once or twice a single small drop of fluid 
was expressed from the needle track, during the instant it took to close up 
after withdrawal. This loss represented a relatively insignificant. fraction, 
estimated at 5°% of the dose administered, as the toxin was now distributed in 
the whole 1 ml. of the aqueous humour. The anterior chamber did not become 
shallow, and the eye remained hard, and could be squeezed gently without loss 
of fluid through the puncture. 

In these eyes there was no reaction to light in the conscious animal. Illumina- 
tion of the intoxicated eye elicited a consensual light reflex in the sound eye 
in one experiment after 500 ng. During deep nembutal anaesthesia, the para- 
lysed iris did not contract down to a slit (see Pl. 3A) as it is wont to do in 
normal eyes. It must be mentioned also that massive doses (100 g. and above) 
of the toxin gave rise to severe reactions in the injected eyes. Within 24 hr. 
there was an exudate, fibrinous in appearance, and thought to be non-infective 
in origin, in the anterior chamber, and signs of keratitis in the whole cornea. 
One of the cats receiving 500 ug. was showing symptoms of general botulism 
on the second day. 

Nevertheless, and despite these pathological changes induced by massive 
doses of the toxin, stimulation of the cervical sympathetic nerve on the 3rd day 
(2nd day in experiment of Pl. 3), still dilated the pupil of the intoxicated eye 
in all 4 experiments. The extent of this dilatation was: in experiment no. 1 
(100 yg.) 2-2 mm., average of seven observations; no. 2 (500 wg.) 2-5 mm., 
average of seven; no. 3 (500 wg.) 3 mm. (see Pl. 3B); no. 4 (750 ug.) 1-7 mm., 
average of three observations made just after death of the animal. Assuming 
the threshold dose required to produce complete paralysis in the cholinergic 
endings of the short ciliary nerves to be c. 2-5 yg. (from the first experiment), 
then these experiments show that exposure of the iris for 3 days to about 
200-300 times that amount (500 and 750 yg.) of toxin, failed to extinguish the 
function of the adrenergic nerve-endings in the same iris. 

(c) Retrobulbar toxin. The sparing of the adrenergic fibres by a retrobulbar 
injection of a paralytic dose of toxin (50 yg.) is illustrated in Pl. 2C. 


Nerve supply to the retractor muscle in the nictitating membrane 

Five cats were injected with 50, 100, 100, 250 and 500 yg., respectively, of 
toxin into the nictitating membrane on one side; in experiment no. 3 the cat 
had also received 100 ug. of toxin subconjunctivally. The heterolateral mem- 
brane was injected with boiled toxin in the first two, and uninjected in the 
other three experiments. The response of the membrane to nerve stimulation 
was examined 68, 72, 50, 19 and 46 hr. later. 

A comparison of the effect of maximal pre-ganglionic stimulation of the 
cervical sympathetic nerves on the two sides showed that the toxin had 
produced a reduction in the response of the nictitating membrane in all five 
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ad cats. This reduction amounted to 38, 49, 55, 52 and 62%, respectively. The 
p response of the intoxicated nictitating membrane was usually the same, whether 
. the stimulus was applied pre- or post- ganglionically (Text-fig. 1), though 
n 
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* Text- fig. 1. Effects of botulinum toxin on the nictitating membrane. I. Cat, 3-2 kg., injected 
ig with 50 yg. active toxin into the left, and 50 yg. of boiled toxin into the right, nictitating 
a membrane, under ether. Acute experiment 68 hr. later, under nembutal. Alternate recording 
* from the two membranes (oontractions downwards) at the same initial tension. 4, B, C, re- 
), sponses to maximal pre-ganglionic sympathetic stimulation on the control side. D, E, responses 
ut (on the intoxicated side) to maximal pre-ganglionic, and F, G, to maximal post-ganglionic 
he sympathetic stimulation. The responses to pre- and post-ganglionic stimulation are equal 


on the intoxicated side, indicating absence of ganglion block, but are only about 60% of the 

response obtained on the control side. The difference could be attributed to paralysis of 
ar cholinergic fibres in the post-ganglionic supply of the nictitating membrane. 

II. Cat, 4-9 kg. Right nictitating membrane injected with 500 yg. of active toxin; left side un- 

injected. Acute experiment 48 hr. later under nembutal; alternate recording from the two 

nictitating membranes at the same initial tension. A, B, C, contractions of the left, normal, 


of nictitating membrane produced by maximal (A and C) and twice-maximal (B) preganglionic 

stimulation. D, E, F, contractions of the right (intoxicated) nictitating membrane produced 
at by maximal preganglionic stimulation. C, H, contractions of the right nictitating membrane 
m- produced by maximal () and supramaximal (H) postganglionic stimulation. The response to 
he preganglionic stimulation is reduced by 62% on the toxin side, but is still not extinguished 


despite the very large dose of toxin administered. 


he occasionally it was slightly smaller on postganglionic stimulation, presumably 
* because of injury to the postganglionic trunk in the process of dissecting it away 
ve from the vagus. i 
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Before interpreting these results, it is necessary to comment on the size of 
the doses used in the last two experiments. Previous experience has shown 
that 5 ug. of this toxin are enough to produce complete paralysis of the entire 
tibialis anticus muscle in cats in 45 hr. In contrast, after injections of 50-100 
times as much toxin into the nictitating membrane, a very much smaller 
structure, there is no extinction of its response to nervous stimulation. This is 
not due to lack of diffusion of toxin, as observation showed that the toxin had 
spread to other structures in the orbit. For instance, there was in all five 
experiments a paralysis of the extrinsic muscles of the eye, which remained 
immobile, even when the animal followed distracting objects with the other 
eye. 

"Thus, the persistence of a certain fraction of the nictitating response in the 
face of such large doses of toxin, may be taken to indicate a considerable degree 
of resistance of the adrenergic fibres to this toxin. The observed reduction in 
the response may be due, at least in part, to paralysis of the cholinergic fibres 
which are known to be present in the nictitating membrane. It is known that 
this smooth muscle has a dual pharmacology; the responses to adrenaline and 
to acetylcholine are identical, and sum along the same curve (Morison & Acheson, 
quoted by Cannon & Rosenblueth, 1937, p. 186). From this, one might suspect 
the existence of a dual innervation, and indeed Bacq & Fredericq (1935) found 
evidence thereof in three out of five cats examined. The present results suggest 
that it may occur with greater frequency. At the same time, the present 
experiments cannot exclude the possibility that a fraction of the reduction in 
the nictitating response might be due to lesion of adrenergic fibres. It is also 
not known what would happen if the toxin were allowed to act for longer periods 
than 3 days. 

DISCUSSION 

The first section of this paper establishes the susceptibility to botulinum toxin 
of cholinergic postganglionic nerve-endings in both divisions of the autonomic 
system. Qualifying for inclusion in this section is the finding that, after local 
injections of toxin into the wall of the intestine, the motor response to stimu- 
lant doses of nicotine is lost or sometimes inverted, indicating a paralysed 
state of the cholinergic post-ganglionic neurons imbedded in the gut. The 
details of these experiments are being published separately (Ambache, 1951), 
because of the light they throw on the presence in the intestine, of local 
inhibitory ganglion cells, which appear to be the cell-bodies of short adrenergic 
neurons. 

The last section of the paper establishes the resistance of adrenergic fibres, 
in two different muscles, to many times the threshold dose of toxin which will 
paralyse the cholinergic fibres in the same situation. Whether other types of 
non-cholinergic fibres and endings are equally resistant is a matter for conjec- 
ture at the moment, although it is known, clinically, that sensation is unim- 
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paired in botulism, If they should turn out to be so, then this toxin may prove 
to be useful as a weapon of physiological investigation, for instance for mapping 
out cholinergic neurons in the central nervous system. Even now, it is already 
helpful in distinguishing between cholinergic and adrenergic fibres in the 
peripheral nervous system, and in producing a differential ‘denervation’ of 
the former in a tissue with a mixed innervation. 

The middle section provides the first instance of a pre-ganglionic paralysis 
produced by this toxin. Although a release of acetylcholine at the pregang- 
lionic endings in the ciliary ganglion has never been demonstrated, it is known 
(MacIntosh, 1941) that this ganglion has a fairly high content (12 fg. /g.) of 
acetylcholine. Taken together with this fact, the susceptibility of this ganglion 
to botulinum toxin is suggestive of the presence of a cholinergic transmission 
mechanism within it. 

Analogous observations have been made in preliminary experiments on the 
superior cervical ganglion, after local application of toxin. A preganglionic 
paralysis is produced in the pupillo-dilator pathway, resulting in a pupillary 
disparity in the conscious animal, with the smaller pupil on the toxin side. 


SUMMARY 


1. The susceptibility to botulinum neurotoxin of a number of different 
nerves of the autonomic system has been examined. 

2. Postganglionic fibres of the cholinergic variety are susceptible, whether 
they occur in the parasympathetic, or in the sympathetic, system. The short 
ciliary nerves were chosen as an example of the former, and the sudomotor 
fibres as an example of the latter. 

3. Paralysis of the ciliary ganglion has been produced by retrobulbar in- 
jections of toxin. Analysis of the effect has located the lesion in the pre- 
ganglionic fibres. 

4. Adrenergic postganglionic fibres to the dilator pupillae are resistant to 
200-300 times the dose of toxin required to paralyse the cholinergic fibres in 
the iris. 

5. Despite the fact that the postganglionic innervation of the nictitating 
membrane is mixed, some evidence was obtained of the resistance of a propor- 
tion of the nerve fibres, probably the adrenergic ones, to large amounts of toxin. 


My thanks are due to Mr R. Lunnon of the photographic department of this Institute, for the 
plates. 
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EXPLANATION OF PLATES 


Prats 1 


The type of pupillary paralysis produced by retrobulbar injection of botulinum toxin, in two 
cats. A and C show the initial equality of the pupils, before the retrobulbar injections; both 
cats anaesthetized with nembutal. The pupils are slit-like, which is the normal appearance, 
in diffuse light, of a cat’s pupil during deep nembutal anaesthesia. After these photographs 
were taken, 50 pg. of active toxin were injected retrobulbarly on the left, and 50 yg. of boiled 
toxin on the right. This eventually abolished the reaction to light on the left in both cats, in 
the conscious state. B. Grey cat, photographed 72 hr. later, again under nembutal (same dose 
as before). The right pupil has narrowed down to a slit as usual, but the left remains dilated. 
D. Black cat photographed 22 hr. after the injection of toxin, and showing the same pheno- 
menon, but more markedly. Calibration in mm. The nictitating membranes are retracted by 
means of threads sewn through the free border of the membrane, in order to uncover the iris 
for photography. This and all subsequent photographs taken with short flashes of 0-2-0-25 
msec. duration. 


PLATR 2 


Cat, 3-5 kg.; under nembutal. Preganglionic paralysis in the ciliary ganglion produced by 
a retrobulbar injection of botulinum toxin (50 ug.) on the left side 2 days earlier; the same 
amount of boiled toxin was injected retrobulbarly on the right. A. Shows the difference 
between the pupils on the two sides. On the right the pupil is slit-like as usual. On the left 
the pupil, which did not react to light in the conscious cat, remains widely dilated. B. Dila- 
tation of the pupil on the right (control) side by maximal stimulation of the right cervical 
sympathetic nerve for 5 sec. (50 cyc./sec.). C. Identical stimulation of the left cervical 
sympathetic nerve produces further dilatation of the pupil on the intoxicated side, to its 
maximum ; showing that the long ciliary fibres in the orbit are resistant to the toxin. Between 
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C and D the cat was decerebrated (which abolished the difference between the pupils, and a 
slit was made through the outer canthus on each side, for better exposure of the iris. Slow 
intravenous infusion of 70 mg. of dibenamine HCl hr. before D. D. Shows the equality of the 
pupils after decerebration. E. Miotic response photographed at the end of the fifth second 
of stimulation (30 cyc./sec.) of the right (control) oculomotor nerve, preganglionically. 
F. Taken at the end of the fifth second of identical stimulation of the left oculomotor nerve. 
No response whatsoever, on the paralysed side, to preganglionic stimulation. Between F and 
G, dissection of the left orbit. G. The left eye at the end of the dissection. H. Effect of 
stimulation of the left short ciliary nerves in situ for 2 sec. at 100 cyo./sec. Note the 
appearance of a response on the intoxicated side to post-ganglionic stimulation. 


Prats 3 


Experiment illustrating the sparing of the adrenergic fibres in the iris, even by very large 
doses of botulinum toxin. Cat, 3-2 kg.; under nembutal, 52 hr. after an intracameral injection 
by the ‘sealed’ method, of 500 ug. of active toxin into the right eye. The cat was exhibiting 
symptoms of general botulism. Because of the milky opacity of the cornea produced by 

4 such large doses of toxin, the photographs of the iris were taken with infra-red light. A. The 
right pupil at rest. It is dilated (10 mm.) as usual, even though the cat is under nembutal, 
owing to the paralysis of the sphincter nerves. B. The integrity of the dilator muscle and of 
its nerve supply is shown by the further dilatation (to 13 mm.) of the pupil, which is obtained 
on maximal preganglionic stimulation of the cervical sympathetic nerve. Photograph taken 
at the fifth second of stimulation. Evidence of the keratitis is provided by the broken reflexions 
from the whole surface of the cornea. 
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COURSE OF THE BLOOD UREA IN NEWBORN RATS, 
PIGS AND KITTENS 


By R. A. McCANCE ann MARY OTLEY 


From the Medical Research Council Department of Experimental 
Medicine, University of Cambridge 


(Received 27 April 1950) 


McCance & Widdowson (1947) reviewed the work of previous investigators 
on the course of the blood urea of newborn infants. They regarded it, as Smith 
(1945) had done, as not showing conclusively that there was any rise m the 
concentration of the urea or the non-protein nitrogen in the blood during the 
first few days of life but decided, from their own observations, that in full-term 
normal breast-fed infants the blood urea rose between birth and the third day 
of life, and that it subsequently fell. In discussing the aetiology of this they 
pointed out that the rise was unlikely to be due to a large intake and catabolism 
of protein, for although human colostrum is richer in protein than later milk, 
the amount taken is small. They considered that the post-natal hydropenia was 
the main reason for the rise, and not the functional immaturity of the kidney 
coupled with the loss of the placenta as an organ of excretion. To extend these 
observations the course of the blood urea has been followed in newborn rats, 
in kittens and in two litters of pigs. 


METHODS 


Blood was obtained from the piglets by puncturing the deep veins of the neck and from the kittens 
by cardiac puncture. Serial tests were made on each piglet. Each kitten was only bled once, and 
litter-mates were used for the day-to-day observations. The newborn and suckling rats were 
decapitated, and blood and tissue fluid expressed into small tubes containing a few crystals of 
sodium oxalate. The bodies of the animals, excluding the lower abdomen and bladder, were then 
cut up into small pieces, ground in a mortar as quickly as possible with a little washed sand, and 
transferred to a centrifuge tube. The mixture was spun for a few minutes and the supernatant 
liquid transferred to very small stoppered tubes. It was found that the blood first expressed, and 
the liquid subsequently removed from the centrifuge tube, contained identical percentages of 
urea within the limits of the chemical methods employed. One animal in each litter was killed at, 
or very soon after, birth. The rest of the litter was allowed to suckle in the usual way or used for 
one of the experiments shortly to be described, and one or more animals killed on the subsequent 
days of life. Many young rate were removed from the mother soon after birth. They were taken 
during the morning from litters which had not yet been fed, and they were kept without food 
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or reared for 24 hr. on ‘evaporated’ cows’ milk (1-22% N.) 0-25 0.0. of this was administered by 


stomach tube at about 12 noon, 8 p.m. and 9 a.m., and the animals were killed for analysis 3-6 hr. 
later. Rate so removed from their mothers were placed on wire gauze covered with filter-paper on 
the shelf of small desiccators. The bottoms of the vessels contained water, and the tops were almost 
closed by a fiat plate of glass so that the animals were kept in a very moist environment. Some 
experiments were carried out at room temperature (22° C.) and others in an incubator at 30° C. 
The urea was determined by Lee & Widdowson’s (1937) method. 


Blood urea (mg. / 100 c. c.) 
S .. 


0 


4 
Age (days) 
Fig. 1. Changes in the concentration of urea in the blood during the early days of life. 


RESULTS 


Fig. 1 shows the changes which were found to take place in the blood urea of 
rats and pigs in the days following birth. Results for humans have been included 
for comparison. The figures obtained from three litters of kittens were rather 
erratic, and averages suggested that the blood urea probably did not rise, so 
a curve has not been inserted for this species. The results from both litters of pigs 
are given, and the rat curve is a composite one made up by averaging the results 
from eleven litters. It will be observed that in one litter of pigs there was no 
significant rise in the blood urea after birth, and in the other a considerable 
tise which persisted for 2 days. There was a rise in each of the nine piglets of 
this litter. In each litter of rats the blood urea of the suckling animals was 
higher after 24 hr. than it had been at birth, but the extent of the rise was 
extremely variable. The temperature of the animal room was 20-21 C., and 
the observations illustrated in Fig. 1 were made on rats born and reared at that 
temperature. Table 1 (line 1) shows also the results of rearing newborn rats 
2-2 
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at 30° C. The cage containing the mother and young was transferred to this 
temperature as soon as parturition was complete. It will be seen that the 
animals grew as fast or somewhat faster at 30° C., and that the average con- 
centration of urea in the blood was also higher at this temperature. As at 
20-21° C., however, the rise varied very much from one litter to another. In 
one, the animals killed at 24 hr. after birth had blood ureas no higher than that of 
those killed at birth, and the difference between the figure of 99 at 20-21 C. and 


Tann 1. The effect of temperature on the development, food requirements and blood urea of newborn rats. 
The average weight of the animals at birth was 5-5 g. and the blood urea 61 mg./100 c. c. 


20-21° C. 30° C. of 
in in 24 hr, —— In weight In blood 
No. of ome] No. of 1809 = 
Treatment animals 1 . 
Reared by the mother 35 22 120 
8.D.=0-19 8. p. 2 8.D.=0-32 8.5. 406 >0-2 


Removed from the mother and: 
(a) Not fed 14 —0-05 79 15 —0-46 150 421 <OOl 7-28 
s.D.=0-04 8.5. 167 8.5. 022 8.5. 31-4 
(6) Fed with 0-75 c. c. 10 +0-38 85 11 —0-14 129 97 <OOl 5-45 
milk; no 8.5. 8.5.63 8.5. 0-13 8. . 
other treatment i 
‘evaporated’ milk; penis 8.D.=0-18 8.D. =39-4 
(d) Fed with 0-75 c.c. 9 „ 
‘evaporated’ milk; 8.5. 006 8.5. 2.0 
perineum stroked | 


120 at 30°C. was not statistically significant. It was clear that there must 
be some important cause of variation in the blood ureas apart from temperature, 
and this was thought to be maternal in origin. To eliminate it, therefore, young 
rats were removed from their mothers as soon after birth as possible and kept 
1 at 20-21 C. or at 30° C. (a) without food or water, (b) on ‘evaporated’ cows’ 
of milk. Much less variable results were obtained and they are shown in Table 1 
(lines 2 and 3). At 20-21° C. the rats which were unfed lost weight, but only 
an average of 0-05 g./100 g. of body weight/hr., and those which received 
0-75 c.c. of ‘evaporated’ cows’ milk gained nearly as much weight as those 
ft which were left with their mothers, and the blood ureas of both the fed and the 
! : unfed groups rose to about 80 mg./100 c.c. This is less than the average increase 


| i , of the thirty-five young rats left with their mothers, but it is of the same 
|. order, and comparable also with the change in the group of young rats used for 


| 

1 the compilation of Fig. 1. At 30° C. unfed ratlets lost 0-46 g. / 100 g. of body 
1 weight hr. in weight, and others which were given 0-75 b. 0. of ‘evaporated’ 
a . cows’ milk lost 0-14 g. Whether the ratlets were fed or unfed, the blood urea 
i rose to high levels, and in each case the difference between the two temperatures 
was highly significant. 
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Lactating cats and rats frequently encourage their young to empty their 
bladders by licking their perineums, and young rats can often be made to pass 
urine by stroking or tickling this area. Accordingly, a small group of newborn 
rats was fed on evaporated milk and their perineums were stroked with damp 
cotton wool every 2 hr. during the first 24 hr. of their lives, and in another 
small group of males, similarly fed, the penis was ligatured soon after birth. 
Table 1 (lines 4 and 5) shows that neither of these procedures made much 
difference to the concentration of urea in the blood 24 hr. after birth. 


DISCUSSION | 

Unlike the human infant, a young rat with its mother takes milk freely very 
soon after it is born, and cannot therefore be regarded as hydropenic. Conse- 
quently, the rise in the concentration of urea in the body fluids of such rats 
during the first 24-48 hr. of their lives must be attributed to a catabolism of 
protein, and hence a formation of urea, greater than their kidneys can excrete 
at that stage of their development. It might be thought that renal failure 
consequent upon dehydration was an important reason for the high blood ureas 
in young rats kept away from their mothers, and not fed or given water, but 
this is probably not so because (a) care was taken to minimize this, (b) the 
results at 20-21° C. (Table 1) show that the rise took place even when the 
animals were fed and were gaining a normal amount of weight, (c) in groups 
which lost or gained comparable amounts of weight and, therefore, were 
presumably equally hydrated, the blood ureas were of similar height only if 
the temperatures were similar. 

The last two lines in Table 1 suggest that when a newborn rat was re- 
moved from its mother its kidney remained relatively functionless for the first 
24 hr. of its life. This was also usually the case when the litters were left with 
their mothers, but in a few instances renal function, as judged by the concentra- 
tion of urea found in the blood 24 hr. after birth, developed much more rapidly. 
The reason for this has not so far been discovered, but it would appear to be 
due to some maternal influence. It is possible that the attentions of the 
mother can increase the excretion of urea by some reflex change of renal blood 
flow. Either a general increase of blood supply or a constriction of the efferent 
glomerular arteries might bring this about. Neglected ratlets generally had 
high blood ureas, but the maintenance of a low blood urea was not necessarily 
associated with rapid growth. It must be admitted, however, that the ratlets 
in the only two litters at 30° C. in whom the rise of blood urea was insignificant, 


each put on well over a gram in weight, and no other ratlets gained so much. 


Since newborn rats are known to be poikilothermic (Fairfield, 1948), raising 
their external temperature from 20-21 to 30°C. must greatly increase their 
metabolic rates. Food and/or tissue proteins will be broken down much more 
rapidly at 30° C. than at 20-21° C., and most of the N will probably appear as 
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urea. This, therefore, is the reason put forward to explain why the blood ureas 
were so much higher at 30° C. than at 20-217 C. 

The changes in weight of young rats, reared away from their mothers and 
given no milk (Table 1, line 2), or the same amounts of milk (line 3), show that 
to achieve rates of growth at 30° C. comparable with those at 20-21° C., new- 
born rats must ingest much more food and water. In the normal course of 
events they depend upon their mothers’ milk for both, so that rearing rats at 
30° C. must increase their demands for milk in early lactation, and consequently 
throw a greater strain upon the mother. 

Renal function in kittens seems to be well enough developed at birth to 
prevent a rise in the blood urea, and this is true of some but not all litters of 


Pigs. 
SUMMARY 


1. The blood urea of newborn rats left with their mothers at 20-21“ C. 
rose by an average figure of 38 mg./100 c.c. in the 24 hr. following birth and 
fell again in the subsequent days. The average rise at 30° C. was greater, but 
at both temperatures the results were very variable. 

2. When newborn rats were reared away from their mothers a rise of 
temperature from 20-21 to 30° C. greatly increased (a) the height to which the 
blood urea rose, (b) the animals’ food requirements. 


The authors are very grateful to Miss L. A. Thrussell for helping to prepare the results for 
presentation. The piglets’ blood was obtained with the help of Mr J. A. J. Venn. | 
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THE EQUILIBRIUM BETWEEN OXYGEN AND 
SHEEP HAEMOGLOBIN AT VERY LOW 
PERCENTAGE SATURATIONS 


By W. PAUL“ anv F. J. W. ROUGHTON 
From the Department of Colloid Science, University of Cambridge 
(Received 11 May 1950) 


Most previous work on the oxygen-haemoglobin equilibrium has been limited 
to the range of greatest physiological interest, namely, 10-95% O,Hb. No 
accurate data have, in fact, been reported for the more extreme ranges, i.e. 
those between 0 and 10% O,Hb and 95 and 100% O Hb, though these ranges 
are of great importance from the physico-chemical point of view. For, according 
to the intermediate compound hypothesis (Adair, 1925), the oxygen pressure, 
p, and the percentage saturation, y, are related by the equation 


_ 2K, 3K, + 4K, p* (1) 
100 4(1+ + K,K,K,K,p")’ 

where K,, K,, K, and K, are the respective equilibrium constants of the 
reactions Hb. T O, Hb. O,, Hb. O, ＋ O. Hb. O,, etc. In the middle range of 
saturation it is possible, as previous authors have shown (Forbes, 1931; Forbes 
& Roughton, 1931; Roughton, 1936), to choose widely differing sets of values 
of the intermediate constants K,, K,, K, and Kl, and yet obtain satisfactory 
agreement between the equation and the observed results. No decisive test of 
the intermediate compound theory can therefore be made with such data. 
At very low values of y and p, however, equation (1), as Forbes & Roughton 
(1931) have pointed out, reduces to a simpler form, involving only one arbitrary 
constant, i.e. - 


__ Ap (2) 

100 4(1+K,p) 
Similarly, at very high values of y and p, the equation takes the limiting form 
+4K,p (3) 

100 4+4K,p’ 


The object of the present series of studies is to test experimentally the validity 
of equations (2) and (3) and, in the event of success, to investigate the effect of 
* Post-Doctorate Overseas Fellow of the National Research Council, Canada. 
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pH, temperature and other factors on K, and K,. If K, and K, could thus be 
determined independently a far more decisive test of equation (1) over the 
whole curve would then become feasible, leading possibly also to the evaluation 
of K, and K, 

Preliminary accounts of our work on K, have already been given (Paul & 
Roughton, 1949). More recently one of us (Roughton, 1951) has also reported 
successful determinations of K, at the top of the dissociation curve in the case 
of the carbon monoxide-haemoglobin reaction. In the present paper we 
describe in detail the new methods and data for minimal values of y and p, 
thus enabling the validity of equation (2) to be tested under various conditions 
of haemoglobin concentration, temperature, pH, etc. Our results indicate that 
the effects of these factors on K, differ appreciably from their effects on the 
middle of the dissociation curve, as previously described. It therefore became 
important to obtain data on the same haemoglobin solutions over the main 
range as well as over the low range, and, furthermore, to complete the observa- 
tions within 12 hr. of drawing of the blood, for otherwise the behaviour of the 
haemoglobin often tends to be capricious. We have therefore developed a 
simplified technique for obtaining a good range of points at the usual oxygen 
pressures. | 

Adult sheep haemoglobin was chosen for our studies for several reasons: 
(i) it has a lower oxygen affinity than many other mammalian species; (ii) it 
does not split up into submolecules on dilution (at least to the extents we have 
used); (iii) direct comparison would be possible with Forbes & Roughton’s 
(1931) extensive data on diluted sheep blood, which have been extensively 
used in recent theoretical investigations (Wyman, 1948, 1949; Roughton, 1949). 

Most of the work was done on haemolysed blood solution containing 3-4 g. 
Hb/100 c.c., in borate buffer at pH 9-1, temperature 19° C. Under these condi- 
tions the solutions are remarkably stable, the dissociation curve is not sensitive 
to slight variations in pH, and since in this range the osmotic pressure of the 
haemoglobin is still proportional to its concentration, it should be possible to 
apply the law of mass action without elaborate activity corrections. 

Our present method is a modification and improvement of one previously 
used by Forbes & Roughton (1931). In their ‘Method A’ they equilibrated 
known volumes of O, Hb (blood diluted 1 in 30 or 1 in 45) in thoroughly 
evacuated tonometers. The percentage saturation at equilibrium was determined 
to within + 1% O, Hb by analysis in the Van Slyke constant volume gasometric 
apparatus; the oxygen pressures were calculated from the volumes of the 
liquid and gas phases of the tonometer, and the differences between the initial 
and final oxygen contents of the haemoglobin solutions. For our purpose the 
accuracy of the percentage saturation had to be improved to +0-1% O, Hb. 


This was achieved by the use of (i) larger tonometers (i.e. 0-6—4-0 l. instead of | 
0-3 J.), (ü) higher concentrations of haemoglobin, (iii) the syringe-capillary | 
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technique of Scholander & Roughton (1943) in conjunction with the Van Slyke 
apparatus, as had been previously done by Roughton & Root (1945) for CO 
determinations. The actual details of the whole procedure in a typical experi- 
ment at pH 9-1 and room temperature were as follows. 


METHODS 


I. The determination of the equilibrium at O-10 % O,Hb 
Fresh blood was obtained from one ram by venepuncture on the morning of the day on which the 


experiments were to be carried through. It was defibrinated at once by shaking with glass beads, 
filtered and then laked by adding twice the volume of distilled water. Borate buffer was next 


5 Hb solution 
100 mi. 
durette 
= 
Van Slyke 
2 chamber 
Fig. 1. Fig. 2. 


Fig. I. Arrangement of 100 c.c. burette and mercury reservoir for loading evacuated tonometer 
with aerated haemoglobin solution. 

Fig. 2. Connexion of tonometer containing equilibrated haemoglobin solution to side-arm of 
Van Slyke gasometric apparatus. 


added so as to make the final concentration 0-2™ in boric acid and 0-1 in NaOH, with a blood 
dilution of 1 in 4. Then 300-500 c.c. of the blood solution were rotated in a 3 1. bottle with air 
for 10 min. The aerated blood solution was transferred to an inverted burette, fitted with a 
three-way tap at the top (Fig. 1) and connected with a mercury reservoir at the bottom. An 
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evacuated tonometer of the shape and design figured by Barcroft (1928) (residual pO, 2 0-01 mm. 
Hg) was connected to the burette as shown and the connecting tubes flushed through with blood 
solution by manipulating the taps of the tonometer and the burette, great care being taken to 


eliminate all air bubbles. A measured volume of blood solution (20-160 0.0.) was then introduced 


into the vacuous tonometer, and its tap sealed with mercury. During this process a large bulk of 
foam was formed: the foam bubbles at the narrow end of the tonometer were dissipated by manual 
rotation for a few moments, whilst the rest of the foam was left to subside during the subsequent 
rotation for 1 hr. in a thermostatically controlled bath. It was customary to interrupt the rotation 
after half an hour, to remove the tonometer and to tip it to and fro in a longitudinal direction so 
as to ensure adequate mixing of the solution in the narrow end. At the end of the hour the tono- 
meter was unclamped and upturned in the bath to allow the solution to drain to the narrow end. 

The chamber of the Van Slyke apparatus was then prepared as follows: 10 c.c. of distilled water 
and four drops of octyl alcohol were shaken in the vacuous chamber, and the rubber connexion 
at the base of the chamber flushed through with the deaerated liquid. The extracted air was expelled 
and the process repeated, leaving 10 0. o. of deaerated liquid in the chamber. 

The tonometer was then removed from the bath and the mercury seals of the bottom tap removed 
by connecting to a vacuum pump. It was connected in a vertical position to the side arm of the 
Van Slyke chamber, and the air in the connecting tubes was displaced by cautiously flushing 
through the deaerated liquid in the Van Slyke chamber. Finally, the connexions were filled with 
mercury from the Van Slyke apparatus, the mercury reservoir of the latter was carefully lowered, 
and blood solution drawn down slowly from the tonometer to the 10 c.c. mark of the Van Slyke 
chamber (Fig. 2), a careful watch being maintained throughout against the entrance of air 
bubbles. The side arm of the Van Slyke chamber was then sealed with mercury via the side arm 
of the tonometer, and the excess of blood solution below the 10 c. o. mark in the chamber expelled 
into the Van Slyke coup. 

The oxygen content of the blood solution was then liberated by shaking in vacuo with 0-5 o. o. 
of deaerated 30% K,Fe(CN), for ö min. After absorption of evolved CO, by addition of 1-5 c. o. of 
deaerated I- NaOH, the pressure of the extracted gas was measured both at the 2-0 and the 
0-5 O. o. marks, and either the whole or an aliquot part of the gas ejected into an inverted Scholander- 
Roughton syringe for determination of the proportion of oxygen in the gas. The details of this 
technique were the same as in Roughton & Root’s (1945) procedure for carbon monoxide, save 
that the syringe contained 1 n-NaOH in place of NaCl, and Fieser’s reagent was used for absorption 
of the oxygen in place of Winkler’s reagent for carbon monoxide. Finally, the readings at the 2-0 
and 0-5 c. o. marks were taken after complete ejection of the extracted gas without loss of liquid, 
and the O, content calculated in the same way as CO content in Roughton & Root’s CO method. 


The calculation of the oxygen pressure and percentage saturation is illustrated in the following 


example: 
Total oxygen content of aerated blood solution =4-68 vol. %. 
Dissolved oxygen content 066 vol. %. 
Combined oxygen content =4-02 vol. %. 
Temperature of bath =19°C. 
Volume of tonometer = 1304 0. o. 


Volume of aerated blood solution introduced = 20-0 0. o. 
Total oxygen content of equilibrated blood solution = 0-063 + 0-004 vol. %. 


(4-68 — 0-063) x 20 x 760 x (273 + 19) 


pO, in tonometer at equilibrium = 100 x (1304 — 20) x 278 = 0-586 mm. Hg. 
Dissolved oxygen content of equilibrated blood solution = 0-002 vol. %. Therefore 
% x 100=1-51401. 


The following pointe of technique should also be mentioned: (i) The total time for one analysis 
is about 3 hr., but once the mechanical rotation stage is reached, the observer is free to start 
a second determination, and with a chain of tonometers it is thus possible to reduce the average time 
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to about 2 hr. (ii) In order to reduce the residual oxygen pressure in the tonometers to less than 
0-01 mm. Hg within a reasonable time, a few o. o. of distilled water were introduced into the tono- 
meter, which was then evacuated with a Cenoo Hyvac pump for 30-60 min. The steaming out 
of the last traces of atmospheric oxygen was assisted by warming the walls of the tonometer with 
an electric hair-dryer. A MacLeod gauge was used to check that the final pressure of non-condensable 
_ gas was below the above limit. (iii) After use, the tonometers were thoroughly rinsed out with 
warm water so as to remove all the protein without precipitation and were then cleaned in the 
usual way with chromic acid. 

Controle. In control experiments it was found: 

(a) That there was no measurable loss of oxygen capacity, either in the stock of aerated blood 
solution during 13 hr., or in the equilibrated samples. 

(6) Oxygen consumption by the blood solutions during equilibration was negligible. 

(c) Sixty minutes’ rotation was more than enough to secure equilibration within the limits of 
experimental error. The shorter period of 15 min. used by Forbes & Roughton with their smaller 
volumes of gas and solution was not, however, adequate. 

(d) That if the technique was carried through with meticulous care, the contamination of the 
solutions with extraneous oxygen from the air could be kept within negligible limits. Thus, in 
one experiment, blood solution was rotated in one evacuated tonometer until its oxygen content 
was reduced to 0-29 vol. %, and 13-5 c.c. of this blood solution were then transferred to a second 
evacuated 4 I. tonometer for further rotation. The final oxygen content was then found to be only 
0-002 vol. %, which is within the limits of accuracy of the experimental method. Occasionally, 
in actual experiments, accidental leakages of air did occur, but these were always revealed by an 
unduly high proportion of residual nitrogen in the final analysis of the gas extracted from the blood 
solution 


Accuracy. The accuracy is believed to be about + 0-1 % O, Hb (or 0-004 vol. % O,) for the 1 in 4 
blood solutions mainly used in the present paper. Our reasons for this claim are: (i) The combina- 
tion of the Van Slyke syringe has previously been found to be capable of estimating small amounts 
of gas to within 0-2-0-4 u. mm. which would correspond in the present case to 0-06-0-1 % O, Hb. 
(ii) Agreement between duplicates fell within these limits. In an extensive set of determinations 
in the range 0-2-5 % O, Hb by the present method, Mr R. L. J. Lyster recently found the following 
discrepancies between duplicates: 0-13, 0-08, 0-05, 0-00, 0-03, 0-00, 0-04, 0-04, 0-06, 0-09, 0-03, 
0-02, 0-13, 0-11, 0-03, 0-07, 0-09, 0-03, 0-05—average discrepancy = 0-057 % O, Hb. (iii) Comparison 
of Method I and Method II (see below) in the range 4-10% O, Hb, wherein both methods were 
applicable, were satisfactorily concordant. (iv) The consistency of the results, obtained in the 
section on Experimental Results, in general conformed to such accuracy. Previous experience has, 
however, shown that in gasometric determinations of such complexity, about 1 in 8 of the deter- 
minations are liable to an error of more than twice the average amount, presumably due to some 
undetected mistakes in manipulation. This proportion of ‘mistakes’ occurred in the present work. 

The accuracy of the estimation of the oxygen pressure in the equilibrated tonometer depends 
chiefly on (i) the determination of the oxygen content of the aerated blood solution, which is 
accurate to 1 part in 200 of itself, (ii) the residual oxygen pressure in the evacuated tonometer 
before admission of the blood solution. On these bases it follows that the computed oxygen pressures 
should be correct to within 0-01 mm. Hg over the range 0-2 % O, Hb. 


II. The determination of the equilibrium for 10-95% O,Hb 

For this purpose we have adopted and developed the convenient procedure already sketched 
by Roughton & Root (1945). In this method, the equilibration of the blood solution, and its 
subsequent analysis for O, content, are both carried out in the chamber of the Van Slyke constant- 
volume gasometric apparatus, without need of transferring the blood solution from one measuring 
vessel to another. The details of our final procedure were as follows: 

The Van Slyke chamber, after thorough cleansing, was freed of traces of oxygen by evacuating 
and shaking 5 b. o. of distilled water, the rubber connexion at the base being flushed with the 
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deaerated liquid as in Method I. The extracted gas was expelled without loss of liquid, and four 
drops of octyl aloohol were introduced into the chamber, and the evacuation and expulsion of gas 
repeated twice. The liquid in the chamber was slowly expelled by raising the mercury reservoir, 
thus leaving only minimal traces (of the order of 0-05 o. o.) of aqueous liquid in the chamber. 
5-15 c.c. of the aerated blood solution, prepared as in Method I, were then delivered from a burette 
through a mercury seal cup in the Van Slyke cupinto the chamber, bubbles of air being carefully 
watched for and ejected. The tap at the top of the chamber was sealed with mercury, and the 
mercury in the chamber lowered to the 50 c.c. mark. The chamber 
was then shaken for 15-30 min., according to the volume of blood 
solution used, and during this time the temperature was controlled 
by water flowing through the jacket of the chamber. At the end of 
the equilibrium period, the extracted gas was slowly and completely 
removed from the chamber by means of the following technique. 
A rubber stopper with three-way capillary base tap A as shown in 
Fig. 3 was fixed in the top of the Van Slyke cup, and one of the 
upper leads of the tap A was next connected to a vacuum pump, 
so as to evacuate the cup. A finger was then placed over the other 
upper lead of the tap, which was then turned so as to admit into 
the vacuous cup the small amount of air contained in the capillary 
lead. Tap A was then turned off and tap B of the Van Slyke chamber 
opened so that the mercury seal in the leads of tap B was driven 
into the chamber, with only a minimal amount of air following; in 
this way the leads of tap B were freed of liquid blocks, and on Tap B 
turning tap A to the vacuum pump, the gas from the chamber was 

enabled to escape at a slow controlled rate, and the blood solution 

allowed to rise to the 2 c.c. mark in a time of about 45 sec. When this 

stage had been reached tap A was turned off and the blood solution Van Slyke 

was slowly brought up to the top of the capillary stem above tap B. chamber 

A small amount of mercury was then admitted through the side arm 

of tap A into the vacuous cup to cover the blood solution in the 

stem, and tap A was then opened to the air and the rubber stopper 

removed. By cautious manipulation of tap B, the whole of the blood Fig. 3. Method of withdraw- 
solution was returned to the chamber and the tap sealed with 
mercury. The oxygen content of the blood solution was then deter- 
mined just as in Method I, and the percentage saturation of the haemoglobin solution has 
blood solution and the oxygen pressure in the Van Slyke chamber, been equilibrated therein. 
at the time at which the equilibration was completed, were calcu- 
lated in an exactly similar manner to that already described under 
Method I. At the end of each experiment it is essential that the ' 

Van Slyke chamber be scrupulously cleaned with alkaline-Na, , O. solution in the manner descri 
by Roughton & Root (1945). 

In order to avoid appreciable exchange of oxygen between the blood solution and the gas phase 
during the removal of the latter, it was essential that there should be no foam present at the end 
of the equilibration, and that the blood solution should not boil whilst it was rising through the 
chamber. The residue of octyl alcohol on the walls of the chamber was usually sufficient to prevent 
the appearance of foam, but on occasions when foam nevertheless was seen, it was eliminated by 
running into the chamber 2 or 3 cu. mm. of extra deaerated octyl alcohol at the end of the 

The technique as above described enables oxygen pressures up to about 8 mm. Hg to be reached 
at equilibrium ; for higher pressures, a known amount of oxygen gas was admitted into the chamber 
from modified Hempel burette before the introduction of the blood solution, the amount of 
oxygen being determined by measuring its pressure at the 2 b. 0. mark. An obvious modification 
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in the calculation of the equilibrium oxygen pressure is then required. With one Van Slyke apparatus 
@ single observer could complete a determination in 80-90 min., but it was found quite feasible to 
use two machines side by side, in this way reducing the average time of each determination by 


nearly one-half. 
Controls. In control experiments it was found that: 


(2) The shaking of the blood solution in the Van Slyke chamber, though in contact both with 
mercury and traces of octyl alcohol, led to no measurable change in its oxygen capacity; this 
result is somewhat contrary to previous notions and may perhaps have been due to the stringent 
dare taken to keep the chamber and mercury as clean as possible. 

(6) With the precautions mentioned above as to the removal of the gas phase after equilibration, 
the change in percentage saturation of the equilibrated blood solution during this process was kept 
within the limite of experimental error. 

Accuracy. The accuracy of the method as regards percentage saturation depends upon the 
volume and concentration of the blood solution used. In duplicate experiments, on 5 c.c. samples 
of 1 in 4 blood solution, an accuracy of +0-4% O, Hb was attained. 


RESULTS 


Test of validity of equation (2) at low pO, and low % O,Hb 
We have in all made nineteen determinations of the relation between pO, and 
% O,Hb in the hitherto unexplored range 0-2°% O Hb. Seven different sheep 
blood samples were used; the blood was usually diluted 1 in 4, in 0-2m-borate 
buffer, pH 9-1, at 19° (i.e. the standard conditions which Forbes & Roughton 
found favourable). 

Equation (2), as such, gives rise to a rectangular hyperbola which is not a 
very convenient form for comparison of theory and experiment. When re- 
arranged it gives rise to the form 

100 4 
4 
Eat 4, (4) 
so that if 100/y is plotted against 1/p, a straight line should result, the intercept 
on the ordinate axis occurring at 100/y=4. Fig. 4 shows all our results plotted 
in this way. In the most complete experiment five points were obtained, of 
which all but one fall, within experimental error, on a straight line through 
the point (0, 4). The solitary deviation may be due to an accidental error of the 
type mentioned in the description of Method I. Of the nineteen points obtained 
in the seven separate experiments, thirteen fell on straight lines within the 
average experimental error (4 0-1°% O, Hb), four diverged by an amount up to 
twice the latter, and the remaining two were within four times the average 
experimental error. No consistent trend in the deviations could be seen, such 
as would have been evident had there been significant interference from the 
higher order reactions (Hb. O, O, Hb. O,, etc.). Bearing in mind the diffi- 
culty of the determinations, the results, over the limited range available for 
study, appear to confirm the theory reasonably well, and to make it possible, 
by the present technique, to estimate K,, to within 1 part in 20 of itself, and 
independently of the other constants K,, K, and K,. The numerical values of 
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K, in the seven experiments of Fig. 4 varied by +12% from the mean, thus 
showing some natural variation amongst individual members of a species, as 
has been found in previous haemoglobin solutions. The experiments at other 
pH and temperature were less numerous, but gave values of K, which we 
believe to be as reliable as those of Fig. 4. 
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Fig. 4. Graphic tests of existence of linear relationship between 100/% O, Hb (plotted as ordinates) 
and 1/oxygen pressure (plotted as abscissae) for seven different samples of sheep haemoglobin, 
in the range 0-2 % O, Hb. 


The effect of various factors on K, and on the complete dissociation curve 

It has been generally believed that, within the limits of experimental error, 
the oxyhaemoglobin dissociation curves at different temperatures may all be 
made to coincide by a simple change of scale of the pressure axis. The same 
view has also been held as to the effect of varying pH. These old theses have 
been based on observations over the physiological range (10-95 % O, Hb) in 
which all four constants K, , K,, K, and K, are involved, and it has been inferred 
by some that the effects of temperature, or pH, on each of these constants must 
be identical. Roughton (1936), however, has shown that the observed effects of 
temperature and pH over the middle of the dissociation curve are not incom- 
patible with varying effects of these factors on the individual equilibrium 
constants. Such variations might well be masked in the middle of the curve, 
but would be brought to light by accurate determinations at the extremes. 
It was therefore of obvious interest to compare the effects of temperature and 
pH on Ai and on the middle of the dissociation curve; for quantitative purposes 
the reciprocal of the O, pressure for half saturation (=u) may be used for the 
comparison with K,, both properties having the same dimensions. 
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(a) Temperature. Experiments were done on blood from three different 
sheep at 0 and 19°, the standard blood-borate solution being used in each case. 
Table 1 shows that the effect of temperature on Ki is appreciably greater than 
on u, i.e. 1-35-fold over a range of 20°. Application of the Van’t Hoff isochore 
to these figures shows that the average heat of combination of 0, (dissolved) 
with alkaline sheep haemoglobin is 8200 cal. but the heat of the first inter- 
mediate reaction (Hb. ＋ O, Hb. O,) is 2500 cal. greater, i.e. 10,700 cal. This 
discrepancy, which is well outside experimental error, constitutes the first 
positive thermal evidence for the existence of intermediate compounds in the 
oxygenation of haemoglobin. | 

Tam 1. The effect of temperature on K, and u 


A B 
: K, at 0° C u at 0°C. 
Experiment 10°C. wat Rado ef AtoB 
I 5-4 3-6 1-50 
1 5-3 4°3 1-24 
III 5-6 4-3 1:30 


(6) pH. Conversely the effect of pH on K, (over the range 9-1 to 7-2) was 
found to be less than its effect on u, being only about two-thirds as great in 
the case of the two experiments with 0-2 m-borate quoted in Table 2. In a single 
experiment with a concentrated phosphate buffer, a still greater difference was 


found. Tax 2. The effect of pH on K, and u 
A B 
K, at pH 9-1 u at pH 9-1 
Ki at pH 7-2 vat pHT2 Ratio of A to B 
0.2 u- borate 1-76 2-42 0-73 
0.2 u- borate 18 2-8 0-64 
0-6 m-phosphate 1-64 3-3 0-50 


(c) Dilution. Hill & Wolvekamp (1936) studied the effect of dilution in the 
case of human and sheep blood solution at pH 7:4 over the range blood 1 in 2 
to blood 1 in 50. In the case of sheep blood their value of u increased about 
1-25 times when the dilution was changed from 1 in 2 to 1 in 25, but showed 
a much more marked rise on further dilution to about 1 in 50. They state that 
the increases in affinity are not accompanied by any marked change in shape 
of the curve. In two experiments recorded in Table 3 we found somewhat 
similar changes in u over the range of blood dilutions 1 in 4 to 1 in 30 (in 
0-2m-borate, pH 9-1), but the effects on Ki were distinctly greater, the dis- 
sociation curve of the dilute solution being noticeably less sigmoid below 
10% O, Hb. The mean value of Ki in 0-4% Hb solution was found to be 0-34 
(+c. 0-05) as compared with 0-14 in 3% Hb solution. It is of interest to note 
that this figure agrees closely with that previously assumed by Roughton (1949), 
namely, 0-32. 
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Tan 3. The effect of dilution on Ki and u 
A B 
Ei at 04% Hb at 0.4 % Hb 
K, at 50% Hb Hb Ratio of A to B 
1 2-39 1-28 19 
II 2-26 13 1-7 

As to the explanation of the effect of dilution, it is possible that although no 
fission of adult sheep haemoglobin molecules occurs over the ranges of dilution 
here studied, there may be preliminary changes in the configuration of the 
molecule, which affect the interaction of the four combining oxygen molecules. 
Another possibility, raised by the work of Hill & Wolvekamp, is that dilution 
causes dissociation from the haemoglobin of some substance, which in concen- 
trated solution is attached close enough to the Fe atoms to affect the oxygen 
equilibria. Further work on this subject is very desirable, particularly as to 
the question of whether the effects of dilution are reversible when the haemo- 
globin solutions are reconcentrated. 

For convenience of the reader the relative effects of temperature, pH and 
dilution are presented in a more familiar way in Table 4. The actual data given 
there refer to the first experiment in each of Tables 1, 2 and 3. 

TasLz 4. Summary of relative effects of temperature, pH and dilution on bottom and 
on middle of dissociation curve, as shown by typical experiments in each case 


pi oxygen pressure in mm. Hg for 1 % saturation. 
Pso = oxygen pressure in mm. Hg for 50 % saturation. 


Hb content 

Factor studied Pr Pso Temperature pH (g./100 ml.) 
Temperature 0-38 4-20 19 9-1] 34 
0-07 1-15 0 9-1 34 
pH 0-27 3-80 19 91 3-4 
0-47 9-20 19 7-2 34 
Dilution 0-34 3-5 19 9-1 34 

0-14 9-1 0-3-0-4 


(d) Purification. In two experiments the sheep haemoglobin was purified of 
stroma by Adair’s ether-NaCl method, and dialysed overnight against saline. 
It was then mixed with the usual 0-2m-borate buffer pH 9-1, to produce a final 
haemoglobin concentration about the same as in the standard blood-solution 
experiments. Comparison of the dissociation curves of the latter with the curves 
of the purified haemoglobin prepared from the same blood showed that in each 
case the effect of purification was to increase the values of Ki and u by about 
one-tenth. Purification was indeed the only factor which was found to affect 
these two quantities in the same proportion. 

(e) Effect of carbamino-bound CO,. No special precautions were taken to 
keep the standard alkaline borate-blood solutions free of CO,, and in control 
experiments it was found that the total CO, content was of the order of 0-005 M. 
At alkaline pH CO, has a considerable tendency to combine with haemoglobin 
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in the carbamino form, and such compounds are believed to affect the affinity 
of the haemoglobin for oxygen (Roughton, 1935). Calculations, based on the 
data of Meldrum & Roughton (1933), show, however, that under the above 
conditions the amount of CO, bound to the haemoglobin in the carbamino form 
should not exceed 1 % of the oxygen capacity, and the effect on the dissociation 
curve should therefore be negligible. To check the point experimentally a 
special control experiment was done in which the total CO, content was kept 
down to 0-0007 M. The dissociation curve of this solution in the standard borate 
buffer in the neighbourhood of 50% O, Hb (by Method II) did not differ 
significantly from that of the uncontrolled solution, made from the same 
sample of blood, which contained a total CO, content equal to 0-0045 M. 

(f) The possible effect of traces of COHb. Even in the blood of animals in 
rural areas, it is usual to find traces of carbon monoxide, of the order of 0-2—1-0% 
COHb; this was certainly the case in the blood samples used in our experiments. 
At small oxygen pressures, traces of COHb are capable, under certain condi- 
tions, of increasing the affinity of oxygen for haemoglobin, and the question 
arises as to how far our results and conclusions were distorted by this factor. 

During the equilibration in the vacuous tonometer, part of the COHb originally 
present in the blood solution must be liberated into the gas phase and analysis 
of the % COHb in the final equilibrated blood solution only gave figures of the 
order of 0-2% COHb. In the data used in Fig. 4 the % O,Hb ranged from 
0-7 to 2-0, and under these circumstances calculations by the method of Darling 
& Roughton (1944) showed that presence of only 0:2°% COHb should have no 
significant effect on the validity of the tests of equation (4) described in the 
previous section. With 2% COHb present, however, similar calculations show 
that the sigmoid character of the curve at low oxygen pressures should be 
appreciably lessened, thus providing spurious evidence in favour of equations 
(2) and (4) and of the theory underlying them. In all such work at low oxygen 
pressures it is therefore essential to control the % COHb below a level where it 
would have significant effects. 

DISCUSSION 
The results in the preceding section appear to show that the old idea that 
temperature and pH only affect the scale but not the shape of the dissociation 
curve, breaks down when tested at the lower extreme of the curve in the case 
of sheep haemoglobin. As to the cause of such failure, several possibilities 
suggest themselves: (i) There may, in spite of previous ideas to the contrary, 
be genuine differences in the respective effects of temperature (and pH) on the 
several intermediate constants KI, K,, K, and K,, the effect of such differences 
being masked by accidental compensations in the middle of the dissociation 
curve (ef. Roughton, 1935) and only becoming manifest at the extremes of the 
curve. All supporters of the intermediate compound hypothesis are agreed 
that there must be very large differences in the absolute magnitudes of the 
PH. 3 
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individual intermediate constants; a priori, it would seem not unlikely that 
there should also be differences in the effect of temperature etc. on the indi- 
vidual constants. (ii) There is evidence from several directions (e.g. studies of 
solubility, rate of alkaline denaturation and spreading of monolayers) of the 
presence of more than one haemoglobin in most types of mammalian blood, 
including adult sheep. The anomalous behaviour of the dissociation curve at 
very low percentage saturations might be due to the presence of appreciable 
amounts of a separate constituent of higher oxygen affinity, and of different 
sensitivity to temperature and pH than the main fraction of the ae 
(iii) A combination of these factors might be involved. 

There is at present no proof that the separate haemoglobins present in adult 
mammalian blood (the differences between which are probably due to variations 
in the protein fraction of the molecule) do in fact react differently with oxygen, 
though of course there is a reasonable probability of such variations in 
reactivity. Direct experimental investigation of this point is, indeed, badly 
needed, but until such evidence is available it has seemed best (on the ground 
of economy of hypotheses) to follow the line implicitly adopted by our pre- 
decessors in this field, namely, that in respect of its reaction with oxygen the 
haemoglobin of mammalian blood may be regarded as homogeneous. 

The independent determinations of K, reported in the present paper gave us 
new leads in regard to the interpretation of the whole dissociation curve, but 
it soon became obvious when following up these leads that the whole problem 
would stand a good chance of being far more clarified when Roughton’s inde- 
pendent determinations of K, also become available. For this reason we have 
decided to defer the detailed discussion of the data which we obtained over 
the whole range of the dissociation curve during the course of our present 
investigations on 3% sheep Hb solutions. It may, however, be said that these 
data, like those on 0-3 % sheep Hb solutions which Roughton (1949) has recently 
discussed, are definitely incompatible both with Pauling’s (1935) equation for 
the O Hb equilibrium and also with Wyman’s (1948, 1949) modification of the 
latter equation. Furthermore, our present data on 3% sheep Hb solutions 
conflict with the theory and equation which Roughton (1949) found satis- 
factory in the case of the 0-3% sheep Hb data reported by Forbes & Roughton 
(1931). All these issues it is hoped to discuss in detail when the new and much 
more accurate data over other ranges of the dissociation curve, besides the 
lower extremity studied in this paper, are ready for publication. 


SUMMARY 
1. At very low oxygen pressures, the equilibrium between oxygen and 
haemoglobin should, according to the intermediate compound hypothesis, be 
expressible by an equation containing only one arbitrary constant, viz. 


y/100 = K,p/4(1 + K,p), 
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where y is the percentage saturation, 
p is the oxygen pressure, 
KI is the equilibrium constant of the reaction Hb, T O, Hb. O,, i.e. the 
first of the four intermediate reactions of O, with haemoglobin. 


2. To test this equation it is necessary to study the equilibrium in the range 
02% O,Hb to an accuracy of +0-1% O,Hb or better. A special technique is 
described for this purpose, and is applied to 3% solutions of sheep haemoglobin, 
pH 7-1-9-1, temperature 0-19° C. The validity of the equation is confirmed, 
and values of K, are thus for the first time obtained independently. 

3. The effect of temperature, pH, dilution and purification of Hb upon K, 
have been determined and compared with their respective effects on u, the 
reciprocal of the oxygen pressure for half-saturation, the latter being measured 
by a simplified gasometric procedure described in the paper. 

4. Contrary to previous views, the effects of these factors on K, and on u are 
not identical. Thus temperature and dilution affect K, more than u, whereas 
the converse is the case with the effect of pH. The heat of the first intermediate 
reaction Hb, O, Hb. O, at pH 9-1 is calculated to be about 2500 cal. greater 
than the average heat of combination of oxygen with haemoglobin at this pH, 
thus providing the first thermal evidence for the existence of intermediates in 
the oxygenation of haemoglobin. The significance of these results is discussed. 

5. The independent determination of K, enables further advance to be made 
in the interpretation of the oxyhaemoglobin dissociation curve. Discussion of 
the matter is, however, deferred until current work on K,, the equilibrium 
constant of the reaction Hb,O,+0,=—Hb,0, is complete. 
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THE EFFECT OF THE STATIC AND OF THE DYNAMIC 
COMPONENTS OF MUSCULAR EFFORT 
ON THE HEART RATE 


By J. A. C. KNOX 
From the Department of Physiology, King’s College, London 
(Recewed 12 May 1950) 


It has been shown (Knox, 1949) that, in a step-test involving both postural and 
exercise components, the effects of these components on the heart rate can be 
separated and that they are additive in the mixed exercise. The purpose of the 
present investigation is to determine whether or not it is similarly possible to 
separate the effects of the components in an exercise containing both ‘static’ 
and ‘dynamic’ effort. It may thus be possible to estimate the effect upon the 
heart rate of the static component alone, since it is difficult to devise an exercise 
involving pure static effort. The maintenance of a stretched spring in tension 
by the bent arms is often quoted as a typical example of static effort. But when 
a subject pulls out a spring, maintains it in tension for a given time, and then 
releases it, both dynamic and static effort are involved; The position is still 
further complicated by the fact that the dynamic portion of the effort can be 
split up into positive work while the spring is being pulled out and negative 
work while it is being released. 

Preliminary experiments to find out the effect of such a mixed exercise on 
the heart rate were carried out on a group of eight healthy male students. 

PRELIMINARY SERIES 
METHOD 


The heart-beats were recorded electrically on a smoked drum throughout the 
experiments, the respirations being recorded simultaneously by means of 
a stethograph. The apparatus has been previously described (Bell & Knox, 
1938; Knox, 1940). 

The procedure was as follows: The subject sat on a chair and relaxed as 
completely as possible for 5 min. At the end of this time the apparatus was 
started and 30 sec. later the order to ‘pull’ was given. Thereupon the subject 
grasped the handles of two ‘Terry’ springs which were suspended in the hori- 
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zontal position immediately in front of him, and pulled them towards himself 
as rapidly as possible for a standard distance. This was indicated by pointers 
and was equivalent to a pull of 7-5 kg. with each arm. The subject then kept 
the pointers at the 7-5 kg. mark for 20 sec. until the order ‘release’ was given 
when he returned the springs to zero and again relaxed. The back was supported 
throughout the experiments to ensure that only the arm and shoulder muscles 
could be employed. The moments of beginning and of ending the pull were 
signalled on the drum. The heart rate was counted from the kymograph record 


in 5 sec. periods before, during and after the effort, the moment of beginning 
the pull being taken as the zero point. 


RESULTS 


The type of tracing obtained under these conditions was remarkably uniform. 
Fig. 1 shows a typical record. There is an immediate acceleration of the heart 
rate at the beginning of the pull, but after about 10 sec. there is a marked 
slowing which lasts until the springs are released, when a second acceleration 
occurs. It should also be noted that there is no tendency to fix the chest during 
the static effort; after the initial irregularity in breathing has passed off the 
respirations become regular and somewhat deeper than during rest. 


Fig. 1. Typical kymograph tracing of heart-beats and respiration during a brief static effort. 
Upper line: signal indicating beginning and end of effort; second line: time in sec. ; third line: 
heart-beats; fourth line: respiration. At the first signal mark the subject pulled out two springs 
to a tension of 7-5 kg. and at the second mark the springs were returned to zero. The tracing 
shows the ‘initial’ and ‘release’ accelerations of the heart rate. 


If the average heart rates during the successive 5 sec. periods are graphed for 
the whole series, the initial acceleration, subsequent slowing and release accelera- 
tion are well shown (Fig. 2). The initial acceleration is greater and more sus- 
tained than the release acceleration. 

Similar tracings taken during a mild dynamic exercise (two-step test) of the 
same duration showed a different type of response. The heart rate increased 
rapidly at first and then more slowly to a maximum shortly before the end of 
exercise which was followed by an immediate drop in rate (Knox, 1940). 
The most probable explanation of the double-peaked curve of heart rate 
during the static effort in the present experiments is that the twin accelerations 
are due to the dynamic muscular movements involved in pulling out the springs 
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and in returning them to rest. The effect of the static effort component itself is 
not obvious, being largely overwhelmed by the dynamic components, even 
though these are of much shorter duration. 

A further series of experiments was therefore carried out in an attempt to 
separate the dynamic from the static component and to see how each influenced 
the heart rate. 

100 


Fig. 2. Graph of mean heart rate in 5 sec. periods before, during and after a brief statio effort. 
First series, eight subjects. 


SECOND SERIES 
METHOD 
Fifteen male medical students acted as subjects. Each subject first performed 
the test exactly as in the preliminary series, pulling out the springs to a load of 
7-5 kg., holding them there for 20 sec. and then releasing them. 
The subject then remained at rest for 10 min., by which time the heart rate 


and respirations had completely returned to normal. The experiment was then 


repeated exactly as before, except that this time the distal ends of the springs 
were uncoupled from the wall and were so suspended that they could swing 
easily forward with a negligible pull. Thus only the dynamic effort of flexing 
the arms during the pull and of extending them during the release was required. 
The position of the arms and the amount of flexion needed remained exactly 
as in the previous effort. The heart beats were recorded and e as in the 
preliminary experiments. 
RESULTS 

The average heart rates during successive 5 sec. periods were graphed for the 
whole series of fifteen subjects (Fig. 3), the upper curve showing the heart rates 
during the 7-5 kg. pull and the lower curve the heart rates when the springs 
were uncoupled. The upper curve thus represents dynamic plus static effort of 
7-5 kg. while the lower represents dynamic effort plus the very slight static 
effort involved in keeping the arms bent for 20 sec. against negligible resistance. 

It will be seen that both curves show well-marked initial acceleration, subse- 

quent slowing and release acceleration. It was, of course, realized that the 
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dynamic components are not strictly comparable, as in one case the springs 
were being extended while in the other they were not. There is, however, only 
a small difference in the initial and release accelerations shown by the two 
curves in Fig. 3, and it would appear that over the very short time occupied by 


the actual pull and release the additional load imposed by the springs did not 
affect the heart rate very markedly. 
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Pig. 3. Static effort; second series, fifteen subjects. Upper curve (full line): mean heart rates during 
pull of 7-5 kg. (static plus dynamic effort); lower curve (broken line): mean heart rates of 

same subjects during performance of the same movements, but without tension on the springs 

(dynamic effort only). 
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Fig. 4. Statio effort, second series. Response of heart rate to static component aloe. Graph 
obtained by subtracting the heart rates in each 5 sec. period of the lower curve from those of 
the upper curve in Fig. 3. 


If the heart rates in the lower curve are subtracted from those of the upper, 
the graph of Fig. 4 is obtained. This rises in almost a straight line to a maximum 
at the end of the effort and then falls again at practically the same even rate. 
This may therefore represent the response of the heart rate to the 7:5 kg. 
purely static component of the effort. If this were so, it would be expected that 


if the same pull of 7-5 kg. were maintained for a much longer period the heart 


rate would show a steady increase, as the static component would continue to 
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act after the effect of the initial dynamic component had worn off. Fig. 5 
shows this to be the case. The heart rates were graphed in 5 sec. intervals for 
three subjects pulling on the springs until they could no longer maintain the 
pointers steady on the 7:5 kg. mark. All three curves show the initial accelera- 
tion and subsequent fall due to the dynamic component, but after this has 
passed off the heart rate does rise steadily. Immediately following the end of 
the prolonged effort there is a very sudden drop in the heart rate in all cases. 
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Fig. 5. Graphs of heart rates in 5 sec. intervals for three subjects performing a static effort of 
7-5 kg. until they could no longer hold the arms steady. Small arrows indicate the end of 
effort for each curve. 


The possibility that respiratory arrhythmia might be the cause of the twin 
accelerations was also investigated. A deep inspiration at the beginning of 
effort and another at the end, with some holding of the breath during the actual 
pull, could have given rise to curves of the type found. Careful examination of 
the respiratory tracings, however, showed no such occurrences; and respiratory 

arrhythmia therefore did not play a major part in producing the changes of 
rate. 
DISCUSSION 
It would seem, therefore, that the above results can be adequately accounted 
for by supposing that the dynamic and static components of the effort each 
affect the heart rate and that the effects are additive. In view of the work of 
Bowen (1903), it is not surprising that a slight muscular movement such as 
flexing the arms should cause a well-marked cardiac acceleration. 
White & Moore (1925) found that during a static effort lasting 10 min. the 
pulse rate in most cases showed a steady rise, with a rapid fall at the end of the 
effort. In 1938, Asmussen & Hansen attempted to record the changes im 
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respiration, oxygen consumption, minute volume of the heart (Grollman's 
method), blood pressure and heart rate of a subject sitting on the floor and 
extending his legs against moderate or severe resistance. The effort lasted 
either 1 or 3 min. Their pulse-rate curves showed a sudden acceleration at the 
beginning, a plateau maintained during the effort and a very sudden drop in 
rate immediately after the exercise ended. This rapid post-exercise fall in heart 
rate was accompanied by a marked increase in the output per beat. They 
accounted for this by supposing that, at the end of the effort, the throttling effect 
on the circulation, due to the statically contracted muscle fibres, disappears, 
the blood then flows rapidly through the dilated muscle vessels back to the 
heart and produces a secondary increase in the minute volume. In support of 
the supposed throttling effect on the circulation they observed that, during the 
static effort, there was a marked rise in diastolic blood pressure, which, in 
dynamic work, usually increases only slightly. 

If, as they suggest, the increase in minute volume at the end of the effort is 
due to a sudden rush of venous blood to the heart it is difficult to account for 
the simultaneous rapid fall in the heart rate. It might be expected that the 
right auricular reflex would either prevent such a fall or would cause a secondary 
rise in heart rate after a fairly short latent period. No such secondary rise 
appears in Asmussen & Hansen’s figures, but it may be significant that some 
evidence of such a delayed secondary acceleration occurs in all three of the 
curves of Fig. 5 following the prolonged static effort. 

It is possible that two factors, one physical and one mental, may combine to 
produce the very rapid deceleration of the heart rate after severe static effort. 
If the theories of Lindhard (1920; 1923) and of Asmussen & Hansen regarding 
the throttling effect of the muscle fibres are correct, it might be supposed that 
immediately after cessation of contraction the muscle capillaries would fill up 
with blood and thus cause a temporary reduction in the venous return which 
would assist the fall in heart rate. Asmussen & Hansen (1938) actually found 
that, in some cases after severe static effort, the minute volume did show 
a sudden brief fall before the marked rise with which they were mainly 
concerned. 

The mental factor is probably also important; and part, at any rate, of the 
cardiac acceleration during prolonged static effort may be due to emotional 
factors. Such static effort produces considerable bodily discomfort, and this 
will have an effect on the heart rate. The sudden removal of the discomfort as 
the subject relaxes at the end of the effort may play a part in the steep fall of 


the heart rate. 
SUMMARY 


1 In a brief muscular effort, containing both static and dynamic components, 
it is shown that each of these components has an effect upon the heart rate and 
that the effects are additive. 
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2. The dynamic component causes a brief rapid rise of heart rate, whereas 
the static component produces a slow steady increase in rate. This is confirmed 


by experiments on prolonged static effort. 
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THE ORIGIN, COURSE AND NATURE OF BRONCHOMOTOR 
FIBRES IN THE CERVICAL SYMPATHETIC NERVE 
OF THE CAT 


By M. pz BURGH DALY ano L. E. MOUNT 
From the Department of Physiology, University College, London 
| (Received 15 May 1950) 


Dixon & Brodie (1903), when investigating the nerve supply to the bronchial 
musculature, found that stimulation of the caudal end of the cut vagus nerve 
in the dog and cat usually caused a bronchoconstriction, but occasionally a 
bronchodilatation resulted. The bronchodilator fibres were particularly well 
developed in the cat, and their presence could be best demonstrated by first 
setting up an artificial bronchial tonus by means of pilocarpine or muscarine. 
These findings were confirmed by Prevost & Saloz (1909). In a later paper, 
Dixon & Ransom (1912) reinvestigated this problem in the cat, and pointed out 
that previous workers, when referring to the vagus nerve, probably meant the 
cervical vagosympathetic nerve, and that previously no attempts had been 
made to separate one from the other. They found that stimulation of the cervical 
vagus nerve caused a bronchoconstriction, whereas stimulation of the caudal 
end of the cut cervical sympathetic nerve caused a bronchodilatation, or very 
occasionally a bronchoconstriction, findings which were confirmed by Saloz 
(1914, 5). Other effects of stimulation of the cervical sympathetic have 
been reported: it causes bronchoconstriction in the dog (Braeucker, 1926; 
Daly, Elsden, Hebb, Ludäny & Petrovskaia, 1942) and in the guinea-pig 
(Petrovskaia, 1939). Effects on the systemic blood pressure and on the pul- 
monary arterial pressure have also been described (Daly et al. 1942). 

To account for the bronchomotor responses observed on stimulation of the 
cervical sympathetic nerve, Braeucker considered the possibility that vagal 
fibres might be passing caudally in the cervical sympathetic nerve. Daly et al. 
(1942), however, presented evidence which suggested that the course and nature 
of the bronchoconstrictor fibres in the cervical sympathetic nerve differed from 
those in the cervical vagus nerve. 

Such experimental findings are contrary to the generally held conception 
that the cervical sympathetic nerve contains predominantly pre-ganglionic 


fibres running cranially from the upper thoracic sympathetic outflow. Recent 
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histological work has shown, however, that there are present in this nerve 
variable numbers of postganglionic fibres arising from the superior cervical 
ganglion (Foley, 1941, 1945) and also a vagal fascicle (Foley, 1945; Hinsey, 
Hare & Wolf, 1942) descending in the nerve in a certain proportion of animals. 
Furthermore, Foley (1945) has described scattered cells and sizable ganglia, 
from which the majority of axons pass caudally in the nerve. 

In the experiments to be described, we repeated Dixon & Ransom’s observa- 
tions on stimulation of the caudal end of the cut cervical sympathetic nerve in 
the cat, and investigated the origin, course and nature of the fibres concerned. 


METHODS 
Cats, varying in weight from 1-8 to 5-5 kg., were anaesthetized with either chloralose (0-08—0-1 
g-/kg. body weight, intravenously) with ether induction, urethane (1-0 g./kg. body weight, intra- 
peritoneally), a mixture of chloralose (0-05 g.) and urethane (0-5 g./kg. body weight, intraperi- 
toneally) or pentobarbitone sodium (nembutal) (40-45 mg. /kg. body weight, intraperitoneally). 

A cannula was inserted in the trachea, and artificial respiration carried out by means of a Starling 
‘Ideal’ pump. The chest was opened by splitting the sternum in the midline, the internal mammary 
arteries were ligated, and both phrenic nerves cut. The left and right cervical vagosympathetic 
nerves were then exposed and separated into their two components, the vagus and sympathetic 
nerves. The cervical sympathetic and usually the cervical vagus nerves were cut between ligatures 
about midway between the middle and superior cervical ganglia. Drugs were injected into the 
femoral vein, and the blood pressure recorded by means of either a mercury or a Hürthle mano- 
meter from the femoral artery. 

Measurement of bronchomotor effects. Two main methods have been employed. In about one- 
third of the experiments, a lung lobe plethysmograph was used, similar to that described by Dixon 
& Brodie (1903), under positive pressure ventilation. According to the size of the animal, one or 
two lobes of one lung were placed in the plethysmograph which was sealed with a high melting- 
point paraffin, and their excursion was recorded by means of a float recorder. This method was not 
entirely satisfactory, since it was practically impossible to prevent a certain amount of trauma to 
the lungs when placing the apparatus in the chest, and great care was needed when sealing it with 
paraffin so as to prevent compression of the vessels at the hilum of the lung lobe. These difficulties 
may account in part for our failure to observe any bronchomotor responses in some of the prepara- 
tions. In other experiments, the method described by Tiefensee (1929) was used, but was found 
to be less sensitive. We finally used in the majority of our experiments the method of recording the 
volume of the tidal air of the animal under negative pressure ventilation. 

The method was similar in principle to that used by Daly et al. (1942). When the preliminary 
surgical procedures were completed, the animal was surrounded by a practically air-tight chamber 
from which air was continuously exhausted by means of an electric vacuum pump, and into 
which air was admitted by a cam-operated valve 18 times/min. At the same time, the animal 
was switched over from the Ideal pump to a closed circuit respiratory system in which the air was 
circulated by a small motor-driven fan through a soda-lime tower to absorb the CO, O, was 
admitted to the system from a weighted 5 I. spirometer and the flow controlled by an adjustable 
needle valve so that the limiting lines of the tidal air tracing could be maintained horizontal. 

Stimulation of nerves. In some experiments, the nerves were stimulated by means of an induction 
coil (C. F. Palmer and Co.), with 4 V. in the primary circuit. In others, a rectangular wave electronic 
stimulator was used in which the voltage, pulse duration and frequency are under independent 
control. 

Separation and testing of nerves. The separation of the cervical vagosympathetic nerve into its 
components usually presented no difficulty. If there was any doubt as to their identification, we 
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tested the cervical sympathetic nerve for its effect on the pupil and nictitating membrane, and the 
cervical vagus nerve for its effect on the heart rate and blood pressure. In the nerve degeneration 
experiments, these tests were carried out as a routine as an indication of the functional integrity of 
the nerves on the operated and unoperated sides. 


Cooling of nerves. The conductivity of nerves was reduced by placing under them a glass tube 


through which an iced salt solution was passed. The conductivity could then be restored by 
replacing it with water at 37° C. 


Nerve sections. Experiments involving degenerative section of nerves were carried out under 
pentobarbitone sodium (nembutal) anaesthesia (45 mg./kg. body weight, intraperitoneally) with 
full aseptic precautions. Under similar conditions, the left lung was removed in two animals. 

Drugs. The following drugs were used in this investigation: pilocarpine nitrate, eserine sulphate, 
atropine sulphate, ergotoxine ethanesulphonate (all B.D.H. products), adrenaline chloride solution 
0-1%, with 0-5 % chloretone (Parke, Davis and Co.), ephedrine hydrochloride and histamine acid 
phosphate (Burroughs Wellcome and Co.), and cocaine hydrochloride (May and Baker Ltd.). 


RESULTS 
Effects of stimulation of the cervical sympathetic nerve 
We have confirmed Dixon & Ransom’s observation that stimulation of the 
caudal end of the cut cervical sympathetic nerve in the cat causes a broncho- 
dilatation; the response occurred independently of the choice of anaesthetic in 
forty-nine of our seventy-eight experiments. 

In fresh preparations a good response could be obtained by using a stimulus 
of 2-5 V., although as the experiment proceeded, this value had to be increased. 
The optimum pulse duration and frequency lay * 0-1 and 1-0 msec., and 
50 and 70 cyc./sec. respectively. 

It was shown by Dixon & Brodie (1903) and by other workers that in 
anaesthetized or decerebrate cats, there is usually little or no bronchial tone, 
and that it is therefore impossible to elicit a bronchodilator response unless the 
tone is first increased artificially. We therefore increased it by injecting pilo- 
carpine or eserine intravenously at intervals throughout the experiment (cf. 
Dixon & Ransom, 1912). The initial dose of these drugs was 0-1 mg./kg., and 
the amount given subsequent to this depended on the reaction of the bronchi 
and the duration of the bronchoconstriction produced. We found that it was 
impossible to lay down any rigid plan for the injection of these drugs at definite 
intervals, as the total dose required to produce a significant bronchoconstriction 
varied from one preparation to another. In some experiments, 0-2 mg. /kg. of 
pilocarpine was sufficient to maintain a bronchial tone for one hour, whereas in 
others a total of 2-0 mg. /kg. failed to produce any response. Sometimes pilo- 
carpine was given as an intermittent intravenous infusion varying from 10-25 
ug. min. kg. in order to maintain a more constant bronchial tonus. 

Preparations in which both cervical vagus nerves were cut usually showed no 
bronchial tone. In only one of the thirty-one experiments in which stimulation 
of the cervical sympathetic nerve caused a bronchodilatation did the response 
occur before the tone had been increased by the injection of either * 
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or eserine. When the vagus nerves were left intact however, we found that a 
certain degree of tone was normally present. In four experiments in which the 
cervical vagus nerves were sectioned while recording was in progress there was 
an immediate and permanent bronchodilatation, and in a further five, the in- 
jection of atropine had a similar effect. We found that this vagal tone usually 
diminished as the experiment progressed, and it was then necessary to increase 
it by injections of eserine. In eighteen of twenty-one experiments in which the 
vagus nerves were left intact, stimulation of the caudal end of the cervical 
sympathetic nerve caused a bronchodilatation. 

Since both vagus nerves were sectioned in the mid-cervical region in the 
majority of our experiments, the bronchodilator response to cervical sympathetic 
nerve stimulation is not in any way dependent upon the integrity of the vagi. 
Furthermore, the response is unaffected by section of the rami communicantes 
(Ti- T.), thus eliminating the possibility that it is due to a reflex involving the 
spinal cord; it was also unchanged by section of the carotid sinus nerves, and by 
bilateral adrenalectomy. 


Tax I. Bronchomotor responses to the injection of drugs 
and to cervical sympathetic nerve stimulation 


Bronchomotor 
* to cervical 
Broncho- 0 sympathetic nerve 
Drug No. of exps. constriction stimulation Remarks 
Pilocarpine 42 „ 8 26 | 
Eserine 10 7 3 5 | | Both ee vague 
Histamine 5 4 1 0 J nerves ou 
— 21 — — 18 Both cervical vagus 
nerves intact 
Total 78 49 


“After eserine. In seven of ten 8 eserine, injected in doses of 
0-25-1-0 mg., caused an increase in the bronchial tone (Table 1). The increase 
in tone, however, was usually small, and it was found that the bronchodilator 
responses produced by stimulation of the cervical sympathetic nerve under 
these conditions were, on the whole, less evident than in experiments in which 
pilocarpine was used to provide the bronchoconstrictor tone. 

After pilocarpine. Of forty-two experiments in which both cervical vagus 
nerves had been sectioned, pilocarpine caused a bronchoconstriction in thirty- 
four. In eight, it had no effect. A bronchodilator response to cervical sympa- 
thetic nerve stimulation occurred in twenty-six of the thirty-four experiments 
in which the tonus had been thus increased. A record taken from a typical 
experiment is shown in Fig. 1. Stimulation of the right and left cervical 
sympathetic nerves at a and b respectively produced no bronchodilator response. 
But after the tone had been increased by pilocarpine (c), a further stimulation 
on both sides then caused bronchodilatation (d and e). 
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Pilocarpine usually causes a greater degree of bronchial tonus than does 
eserine, and consequently the bronchodilator responses are proportionately 
larger. It was for this reason that this drug was used in the majority of our 
experiments. It had the disadvantage that it tended to produce a greater 
bronchial secretion than did eserine, and this was probably another cause of 
our failure to observe any bronchomotor responses to cervical sympathetic 
nerve stimulation in some of our experiments. 


Fig. I. Cat, &, 3°75 kg. Right cervical sympathectomy 22 days previously. Chloralose-urethane 
Negative pressure ventilation. Both cervical vagus and cervical sympathetic nerves cut. 

In this and subsequent figures: T. A. tidal air (inspiration downwards); L. FV. lung lobe 
volume (inspiration upwards): F. P. P. extrapulmonary pressure; B.P.=arterial blood 
pressure. @ and e, stimulation of caudal end of right cervical sympathetic nerve, 20 V., 
1 msec,, 50 cyc./sec. ö and d, stimulation of caudal end of left cervical sympathetic nerve, 
20 V., 1 msec., 50 cyc./sec. c, pilocarpine, 1-0 mg., injected intravenously. 


During vagal stimulation. It might be argued that pilocarpine, apart from 
increasing the bronchial tone, might have some specific effect in determining 
the direction of the response to nerve stimulation. This does not appear to be 
true, since we found that stimulation of the cervical sympathetic nerve, other- 
wise ineffective, became evident when the bronchial tone was increased by 
another means, that of stimulation of the cervical vagus nerve. Under these 
conditions, a release of the bronchoconstriction occurred. It was further shown 

that this release could be elicited at varying intervals of time after the cessation 
of stimulation of the cervical vagus nerve, indicating that it was not spontaneous. 
_ Usually we have cut the cervical sympathetic nerve about mid-way between 


the superior and middle cervical ganglia and have stimulated that part of the 
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caudal end nearest to the section. However, in three experiments, the nerve 
was, instead, cut immediately below the superior .cervical ganglion and the 
response to its stimulation was observed with electrodes placed at various 
positions along its length. Fig. 2 has been taken from one such experiment, 
and shows that almost equal responses can be obtained by stimulation of the 
cervical sympathetic nerve near the middle cervical ganglion as near the 
superior cervical ganglion. These results: confirm those of Dixon & Ransom 
(1912); their possible significance will be discussed later. c 


Fig. 2. Cat, g, 2-7 kg. Chloralose-urethane. Negative pressure ventilation. Right cervical 
sympathetic and right cervical vagus nerves cut immediately below the superior cervical 
ganglion. Left cervical vagosympathetic nerve intact. Length of right cervical sympathetic 
nerve =9-0 cm. Right cervical sympathetic nerve stimulations, 5 V., 0-1 msec., 50 cyc./sec.: 
in A, 2 cm. above middle cervical ganglion; in B, midway between superior and middle cer- 
vical ganglia; and in C, 0-5 cm. below superior cervical ganglion. 


Dixon & Ransom found on a few occasions that stimulation of the caudal 
end of the cut cervical sympathetic nerve caused bronchoconstriction and 
considered that this response might be due to stimulation of aberrant vagal 
fibres running in the cervical sympathetic nerve. In our experiments, we have 
not seen this effect occurring by itself, although we have observed on a few 
occasions bronchoconstriction following the bronchodilatation (Fig. 3A). No 
satisfactory explanation has yet been found to account for this phenomenon. 
It can also occur in preparations in which the cervical vagus nerves have been 
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sectioned or in which the nodose and superior cervical ganglia have been 
removed 21 days previously in order to allow time for the vagal fibres to de- 
generate. It is therefore improbable that the bronchoconstrictor phase of this 
response is due to the presence of vagal fibres in the cervical sympathetic nerve. 
Hebb (1940) has shown that, in the guinea-pig, both bronchoconstrictor and 
bronchodilator fibres reach the lungs by way of the stellate ganglion, and 
Petrovskaia (1939) reported that, in the same species, stimulation of the caudal 


Fig. 3. Cat, &, 48 kg. Left lung removed 70 days previously. Chloralose-urethane. Negative 
pressure ventilation. Both cervical sympathetic nerves cut. Both cervical vagus nerves intact. 
A, stimulation of caudal end of right cervical sympathetic nerve, 5 V., 1 msec., 70 cyc./sec., 
and of left cervical sympathetic nerve, 5 V., 1 msec., 70 cyc./sec. Between A and B, both 
cervical vagus nerves cut. Eserine, 0-2 mg. B, stimulation of caudal end of left cervical vagus 
nerve, 1 V., I msec., 50 cyc./sec., and of right cervical vagus nerve, I V., I msec., 50 cyc./sec. 


end of the cut cervical sympathetic nerve caused bronchoconstriction. It might 
be postulated that, in our own experiments, there are present in the cervical 
sympathetic nerve both types of nerve fibre, stimulation of which would bring 
about this diphasic response. We have however been unable to obtain any 
evidence to support this view. Stimuli of various pulse frequencies and dura- 
tions have been used in an attempt to differentiate between the two types of 
response, and chemical means have been employed to investigate the nature of 
the bronchoconstrictor fibres. But these approaches to the problem have not 
led to any conclusive results. a 
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In the experiments in which the bronchomotor effects were measured by lung 
lobe plethysmography under positive pressure ventilation, a bronchodilatation 
on stimulation of the contralateral cervical sympathetic nerve was occasionally 
observed. This suggested that the bronchomotor fibres are to some extent 
crossed, but it is possible that the observed bronchodilatation was due to 
passive distension by bronchoconstriction occurring in the opposite lung (Dixon 
& Brodie, 1903; Daly & Hebb, 1942). This is a potential source of error in the 
interpretation of bronchomotor effects measured by this method. This possi- 
bility was eliminated by removing the left lung prior to the acute experiment. 
Fig. 3 is taken from one of two such experiments and shows that stimulation of 
the contralateral cervical sympathetic nerve, during the bronchoconstrictor 
phase of the previous ipsilateral cervical sympathetic nerve stimulation, causes 
a bronchodilatation (Fig. 3A). Further, stimulation of the contralateral 
cervical vagus nerve causes a moderate bronchoconstriction (Fig. 3B). These 
experiments indicate that bronchomotor fibres in the cervical sympathetic and 
cervical vagus nerves do to some extent cross, and confirm the results of other 
workers (Dixon & Ransom, 1912; Braeucker, 1926; Daly & Hebb, 1942). 

Effect of cervical sympathetic nerve stimulation upon the systemic blood pressure. 
In the majority of experiments, a rise in blood pressure of about 5 mm. mercury 
was observed on stimulation of the caudal end of the cut cervical sympathetic 
nerve. On occasions, it rose by as much as 10 mm. mercury. This response was 
unaffected by bilateral adrenalectomy and by section of the rami communi- 
cantes (7',—7';); it was not usually well maintained throughout each experi- 
ment, and therefore there were fewer opportunities of investigating it. However, 
definite evidence of a cardio-acceleration was obtained in two of eleven experi- 


ments in which the heart rate was measured on a fast kymograph. It may be 


that some of the fibres concerned in this response are vasomotor, although the 
extent of the innervation of the blood vessels has not been determined. 


Cell stations 


Dixon & Ransom (1912) showed that the bronchodilator fibres in the cervical 
sympathetic nerve have their cell stations in the stellate and inferior cervical 
ganglia. Our own results confirm these findings. In eight experiments, the 
bronchodilator response to stimulation of the caudal end of the cut cervical 
sympathetic nerve was completely abolished by the application of nicotine 
(1%) to the stellate ganglion (Table 2 and Fig. 4). In a further two, the re- 
sponse was only diminished, but then abolished by applying nicotine to the 
middle cervical ganglion. Exp. 31 shows that the response to cervical sympa- 
thetic nerve stimulation was abolished by paralysing only the middle cervical 
ganglion with nicotine. It would appear therefore that the cell stations for the 
bronchomotor fibres in the cervical sympathetic nerve lie in either the stellate 
ganglion or the middle cervical ganglion or in both, although, as Exp. 53 shows, 
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the distribution of the oells on the two sides may vary even in the same animal. 
That the bronchodilator response can be completely abolished by the applica- 
tion of nicotine to these ganglia, indicates that the fibres concerned in the 
cervical sympathetic nerve are predominantly, if not wholly, pre-ganglionic. 


Tann 2. The effect of the application of nicotine (1%) to the left and right stellate and middle 
cervical ganglia upon the bronchodilator response to stimulation of the caudal end of the 
out left and right cervical sympathetic nerves respectively. 


Middle cervical 
A gli 
Exp. Left Right Left Right 
15 0 0 — — 
16 — 0 — a 
31 — wih — 0 
33 — 0 — ince 
‘ 34 0 — — * 
50 — * — 0 
51 0 — — * 
53 0 0 
73 — 0 — — 
87 — 0 — — 
response diminished. 0 response abolished. 


Fig. 4. Cat, F, 3°3 kg. Chloralose · ureth Negative pressure ventilation. Both cervical vagus 
and cervical sympathetic nerves cut. Pilocarpine, 5-5 mg. a and b, stimulation of caudal end 
of right cervical sympathetic nerve, coil distance 3 cm. At arrow f, nicotine (1%) on right 
stellate ganglion. c, adrenaline, 15 g., injected intravenously. 


Post-ganglionic fibres in the cervical sympathetic nerve 

The work of Ranson & Billingsley (1918), Foley & Dubois (1940), and Foley 
(1945) has shown that the cervical sympathetic nerve in the cat may contain 
a variable number of post-ganglionic fibres arising from cells in the superior 
cervical ganglion, It is therefore pertinent to inquire whether any such fibres 
innervate the bronchial musculature. Our experiments have shown that the 
effect of stimulation of the caudal end of the cut cervical sympathetic nerve is 
completely abolished by paralysing the stellate ganglion and/or the middle 
cervical ganglion with nicotine, and also after degenerative section of the rami 
communicantes, TI — T, (see p. 55). It would appear therefore * this 
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response is due entirely to stimulation of pre-ganglionic fibres in the cervical 
sympathetic nerve and that no post-ganglionic fibres are involved in it. 

We have confirmed these findings in another way. If post-ganglionic fibres 
are present in the cervical sympathetic nerve arising from cells in the superior 
cervical ganglion and innervating the bronchial musculature, then stimulation 
of these cells by nicotine applied to this ganglion should cause a bronchomotor 
effect. In six experiments, the cervical sympathetic nerves were left intact, but 
the fibres cephalad to the superior cervical and nodose ganglia and the cervical 
vagus nerves were sectioned. Under these conditions, the application of nico- 
tine (1%) to the superior cervical ganglion caused no effect. That the bronchi 
had a degree of tone sufficient for the demonstration of a dilator response was 
shown by the fact that stimulation of the cervical sympathetic nerve before 
and after the application of nicotine caused a bronchodilatation. In one 
experiment, a slight rise in blood pressure was observed. Although this suggests 
that cells of post-ganglionic fibres were stimulated, the possibility of such 
fibres taking a course other than in the cervical sympathetic nerve cannot be 
excluded. Nevertheless, the evidence we have cited suggests that no post- 
ganglionic fibres innervating the bronchial musculature are present in the 
cervical sympathetic nerve. 

Origin of the bronchomotor fibres in the cervical sympathetic nerve 

Having confirmed previous work that the bronchodilatation caused by 
stimulation of the cervical sympathetic nerve involves wholly pre-ganglionic 
fibres, we next endeavoured to determine their origin. One explanation given 
by Dixon & Ransom (1912) to account for their presence in the cervical 
sympathetic nerve is that they may be entering the nerve from a source ‘high 
up in the region of the ganglion nodosum’, Hinsey et al. (1942) and Foley (1945) 
have reported the presence of a vagal fascicle in the cervical sympathetic nerve 
of a small proportion of animals, and the possibility that the bronchodilator 
response is due to stimulation of these fibres cannot be ruled out. An alterna- 
tive explanation, and one which was favoured by Dixon & Ransom, is that the 
fibres concerned are of sympathetic origin, probably arising from the upper 
thoracic segments of the spinal cord. They point out, however, that they did 
not obtain conclusive results from experiments in which they stimulated grey 
fibres running from the superior cervical ganglion to the first, second and third 
cervical nerves, and so the possibility of them entering the cervical sympathetic 
nerve from a source by this route must also be taken into consideration. 

In order to discover the origin of these bronchomotor fibres we have carried 
out four series of nerve degeneration experiments. The operation in each case 
was performed on one side only, and then the animal was subjected to the acute 
experiment 21-30 days later. In the acute experiment, the cervical vagus and 
cervical sympathetic nerves were tested for their effects upon the heart and eye 
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respectively as an indication of the success of the operation. The bronchomotor 
responses to stimulation of the caudal end of the cut cervical sympathetic nerve 
were observed on both the operated and unoperated sides, the latter side 
acting as the control. It should be pointed out that in nineteen control experi- 
ments in which no operation was performed, a bronchomotor effect, when 
present in response to stimulation of the cervical sympathetic nerve on one side, 
could always be elicited on stimulating the nerve on the other side. 


Tani 3. The effect upon the bronchodilator response to stimulation of the caudal 
end of the cut cervical sympathetic nerves of nerve degenerative sections 


Bronchodilator response 
Operation No. of exps. On normal side On operated side 
Cervical sympathectomy : + 4 
Cervical vagotomy 2 + + 
Cervical vagosympathectomy ; + + 
Thoracic sympathectomy ; + — 
1 + + 
+ =bronchodilator response. 
no bronchodilator 


Cervical sympathectomy. In order to eliminate the possibility that the 
bronchomotor fibres in the cervical sympathetic nerve originate from a source 
above the superior cervical ganglion, we carried out five experiments in which 
1-0 cm. of the cervical sympathetic nerve immediately below the superior 
cervical ganglion had been removed at a previous operation. In two of them, 
stimulation of the caudal end of the cut cervical sympathetic nerve caused a 
bronchodilatation on both the operated and unoperated sides (Table 3 and 
Fig. 1). In three, no response was obtained on either side. As the response can 
be obtained after degenerative section of the upper part of the cervical sympa- 
thetic nerve, the possibility that the fibres enter it by passing through the 
superior cervical ganglion is excluded. 

Cervical vagotomy. Occasionally, we have found small communicating 
branches between the cervical vagus and cervical sympathetic nerves when 
separating them, and it may be that the vagal fascicle which is sometimes 
present in the cervical sympathetic nerve enters it at some level below the 
nodose ganglion. We therefore carried out two experiments in which 1-0 cm. 
of the cervical vagus nerve immediately below the nodose ganglion had been 
removed at a previous operation. This would cause degeneration of any vagal 
fibres which might be entering the cervical sympathetic nerve by this course. 

In one of the experiments, a bronchodilatation was obtained on stimulation 
of the caudal end of the cut cervical sympathetic nerve on both sides. In the 
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other, stimulation of the cervical vagosympathetic nerve on the operated side 
caused a bronchodilatation, with a concomitant rise in systemic blood pressure, 
followed by a severe bronchoconstriction (Fig. 5). In this experiment, the 
contralateral cervical vagus nerve had been sectioned and so the broncho- 
constrictor phase of this response could not have been due to any reflex effect 
taking place through this pathway. Its probable nature has already been 
discussed. 


Fig. 5. Fig. 6. 


Fig. 5. Cat, &, 3-0 kg. Right cervical vagotomy 28 days previously. Chloral th Positive 
pressure ventilation. Right middle lung lobe in plethysmograph. Both cervical vagus and 
cervical sympathetic nerves cut. Pilocarpine 1-0 mg. Stimulation of caudal end of right 
cervical vagosympathetic nerve, coil distance 6 cm. 


Fig. 6. Cat, &, 41 kg. Right thoracic sympathectomy 30 days previously. Chloral th 
Negative pressure ventilation. Both cervical sympathetic nerves cut. Both cervical vagus 
nerves intact. Stimulation of caudal end of left cervical sympathetic nerve, 10 V., 10 msec., 

50 cyc./sec., and of right cervical sympathetic nerve, 10 V., 10 msec., 50 cyc./sec. 


Cervical vagosympathectomy. The results of the above experiments seem to 
indicate that the bronchomotor fibres do not enter the cervical sympathetic 
nerve from the superior cervical ganglion nor from a source above this ganglion. 
We have confirmed this in a third series of nerve degeneration experiments in 
which the superior cervical and nodose ganglia and 1-0 cm. of the adjoining 
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cervical vagosympathetic nerve were removed. In two of five experiments, a 
bronchodilatation occurred in response to stimulation of the cervical sympathe- 
tic nerve on both the operated and unoperated sides. In the remaining three, 
no response was obtained on either side. 

The probable causes of our failure to observe any bronchomotor responses on 
stimulation of the cervical sympathetic nerve in some experiments have already 
been discussed. Several in the above series gave negative results on both sides. 
However, it should be pointed out that in the majority of these experiments a 
rise in blood pressure was observed on cervical sympathetic nerve stimulation, 
and, furthermore, the rise occurred on both sides in each series. This confirms 
the results of Richardson & Hinsey (1933) who performed nerve degeneration 
experiments involving section of the vagus nerve above the nodose ganglion 
and, in some, removal of the superior cervical ganglion. They observed a rise 
in blood pressure in two of three experiments. 

We conclude from the above results that the pre-ganglionic bronchomotor 
fibres do not enter the cervical sympathetic nerve by way of the superior 
cervical ganglion or the nodose ganglion. They also show that the fibres do not 
originate from the vagus nerve. It therefore seems reasonable to conclude that 
they are sympathetic fibres, probably arising from the upper thoracic segments 
of the spinal cord—a contention which we put to the test. 

Thoracic sympathectomy. In order to produce degeneration of the pre- 
ganglionic fibres in the cervical sympathetic nerve, the white and grey rami 
communicantes, Ti — 13 were cut on one side before the acute experiment. In 
addition, the vertebral nerve was cut in six of the ten experiments so as to 
exclude any possibility that fibres might be entering the cervical sympathetic 
nerve by this route (for literature, see Langley, 1892). 

The results show that in six experiments in which stimulation of the caudal 
end of the cervical sympathetic nerve on the control side caused a broncho- 
dilatation, no effect was produced on stimulation of the nerve on the operated 
side (Table 3 and Fig. 6). The integrity or otherwise of the vertebral nerve made 
no difference to the result. In three experiments, no effect occurred on either 
side, but in one a bronchodilatation was observed in response to cervical 
sympathetic nerve stimulation on both the operated and unoperated sides. In 
this last experiment, the operation was carried out sixty days previously, and 
on testing the effect upon the eye of stimulation of the cephalic end of the cut 
cervical sympathetic nerve on the operated side, a dilatation of the pupil 
resulted. 

These experiments show, therefore, that after degeneration of the pre- 
ganglionic fibres, the bronchodilator response to cervical sympathetic nerve 
stimulation is abolished. This confirms our previous supposition that the fibres 


concerned issue from the upper thoracic segments of the spinal cord. 
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Sympathetic post-ganglionic fibres 
The course of the sympathetic fibres innervating the bronchial musculature 
in the cat was investigated by Dixon & Ransom (1912). The pre-ganglionic 
fibres issue from the spinal segments, 7,—7',, and relay in the stellate and 
middle cervical ganglia; the post-ganglionic fibres with their cells of origin in 
these ganglia pass out mainly by way of the nervi accelerantes or by small fibres 


Fig. 7. Cat, g. 43 kg. Chloralose-urethane. Negative pressure ventilation. Right cervical 
sympathetic nerve cut. Left cervical sympathetic and both cervical vagus nerves intact. d.) 
and ¢, stimulation of caudal end of right cervical sympathetic nerve, 10 V., 1 msec., 50 cyc./sec. 
Right thoracic vagosympathetic nerve was cooled l cm. above level of the azygos vein during 
nerve stimulation at b. 


from the inferior cervical ganglion. In view of the fact that the pre-ganglionic 
bronchomotor fibres in the cervical sympathetic nerve have their cell stations 
in the same ganglia, it might be expected that.the post-ganglionic fibres making 
connexion with these fibres would take a similar course. Our experiments 
support this view. 

The bronchodilator response to stimulation of the caudal end of the cut 
cervical sympathetic nerve was abolished by section of the nervi accelerantes in 
two of five experiments. In one the response was diminished, and in the other 
two it was unaffected. We have therefore evidence that some of the post- 
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ganglionic fibres leave by way of this nerve. We have not determined the 
immediate course of the remainder of them, but, since some have their cells 
of origin in the middle cervical ganglion, it would appear probable that they 
would leave by way of this ganglion or the ansa subclavia. 

The further course of these post-ganglionic fibres has been demonstrated by 
stimulating the caudal end of the cut cervical sympathetic nerve before, during, 
and after cooling the thoracic vagosympathetic nerve on the same side 1-0 cm. 
above the level of the azygos vein. It was found that the bronchodilator 
response during cooling of the thoracic vagosympathetic nerve was either 
' diminished (three experiments), or completely abolished (two experiments) 
(Fig. 7). These results show that some of the post-ganglionic fibres making 
connexion with the pre-ganglionic fibres in the cervical sympathetic nerve run 
in the thoracic vagosympathetic nerve. 


Nature of bronchomotor fibres 


The effect of eserine on the bronchodilator response to stimulation of the 
caudal end of the cut cervical sympathetic nerve was investigated under two 
sets of conditions: first, in preparations in which pilocarpine was used to create 
artificial bronchial tonus, and second, in those in which no bronchoconstrictor 
drug ‘background’ was given, the tone depending on the integrity of the vagus 
nerves. Under both conditions, eserine (0-05-0-1 mg./kg.) had no effect on the 
bronchodilator response. An apparent increase in the response after eserine 
was occasionally observed, but this was always due to the fact that eserine itself 
had increased the bronchial tone. We were therefore careful to see that the 
tidal air was of approximately the same volume after the injection of a test drug 
as before it, so as to eliminate this potential source of error. 

We have been unable to obtain any information as to the effect of atropine 
on the bronchodilator response. In our experiments, bronchial tone was 
maintained either by the injection of pilocarpine or eserine, or by vagal action. 
Atropine abolished this tone and caused a maximal dilatation of the bronchi, 
thereby preventing the appearance of any further bronchodilator response. In 
an attempt to overcome this difficulty, drugs having a direct action on smooth 
muscle such as histamine and barium chloride have been used in order to 
provide the bronchoconstrictor ‘background’. In three experiments, barium 
chloride caused only a weak bronchoconstriction which was insufficient for the 
demonstration of a dilator response. On the other hand, histamine caused a 
good tonus, but it was not possible to elicit any bronchomotor response to 
cervical sympathetic nerve stimulation in the experiments in which this drug 
was used (Table 1). It is not at all clear why no response occurred despite there 
being an adequate bronchial tone. 

Comparison of the effects of stimulation of the cervical sympathetic nerve 
before and after the injection of ephedrine showed that the bronchodilator 
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Fig. 8. Same experiment as in Fig. 1. Pilocarpine 1-0 mg. Stimulation of caudal end of nerve in 

each case. a and e, right cervical sympathetic nerve stimulation. 20 V., I msec., 50 cyc./sec. 

b and d, left cervical sympathetic nerve stimulation, 20 V., I msec., 50 cyc./sec. c, cocaine HCl, 

_ 5-0 mg., injected intravenously. f. stimulation of both cervical sympathetic nerves, 
20 V., 1 msec., 50 cyc./sec. 


Superior cervical 0 


ganglion 
Cervical sympathetic 
nerve 

ganglion} 
To bronchi 2 
ganglion 
White ramus 

a b 


Fig. 9. Diagrams illustrating the possible courses of fibres in the cervical sympathetic nerve 
innervating the bronchial musculature. For explanation, see text. a, looping fibres. ö, pre- 
ganglionic branching axons. 
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response was potentiated (two experiments). Similarly, there was a temporal 
potentiation of the response after the injection of cocaine in three experiments 
(Fig. 8). 

As mentioned previously, cervical sympathetic nerve stimulation occasionally 
caused a bronchodilatation followed by bronchoconstriction. One explanation 
to account for such a response would be that two types of sympathetic nerve 
fibre are present in the cervical sympathetic nerve. In this respect, Hebb (1940) 
found that in the guinea-pig bronchoconstriction was the usual effect of stimu- 
lation of the stellate ganglion, a response which was suppressed wholly or partly 
by ergotoxine. We therefore tested the effect of this drug upon the diphasic 
response to cervical sympathetic nerve stimulation. The results were incon- 
clusive, mainly because the bronchoconstrictor phase of the response, whether 
ergotoxine was given or not, always became weaker with successive stimulations 
and disappeared after a short period of time. The bronchodilator response was, 
however, unaffected by ergotoxine. 

These experiments show, therefore, that the bronchodilator response to 
stimulation of the cervical sympathetic nerve is unaffected by eserine and by 
ergotoxine, but is potentiated by ephedrine and by cocaine. This is suggestive 
evidence that the fibres concerned are adrenergic in nature. 


DISCUSSION 


We have shown in these experiments that stimulation of the caudal end of the 
cut cervical sympathetic nerve causes a bronchodilatation. Further, we have 
found that the fibres concerned in this response are pre-ganglionic fibres which 
issue from the upper thoracic sympathetic outflow, enter the cervical sympa- 
thetic nerve and then relay in the stellate and middle cervical ganglia. The 
post-ganglionic fibres, with their cells of origin in these ganglia and making 
connexion with the fibres in the cervical sympathetic nerve, reach the lungs 
mainly by way of the thoracic vagosympathetic nerve. The evidence presented 
suggests that they are adrenergic in nature. 

A special study has not been made of the fibres in the cervical sympathetic 
nerve which, when stimulated, cause a concomitant rise in systemic blood 
pressure. The results in this respect are incomplete as the response is usually 
small and, in some experiments, disappears after a short period of time. It does 
appear, however, that these fibres also issue from the upper thoracic sympa- 
thetic outflow. On only two occasions was definite evidence obtained of a 
cardio-acceleration, and it is possible that the blood-pressure rise may be 
due, in part, to stimulation of vasomotor fibres supplying the upper limb. 
Daly et al. (1942), using the perfused living animal preparation in which 
changes in cardiac output are eliminated, found that stimulation of the 
caudal end of the cervical sympathetic nerve caused a rise in systemic blood 
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It has been reported by Foley (1945) and by other workers that there are 
variable numbers of post-ganglionic fibres present in the cervical sympathetic 
nerve in the cat, having their cells of origin mainly in the superior cervical 
ganglion. -Our experiments give no support to the view that such fibres in- 
nervate the bronchial musculature, for the bronchodilator response to cervical 
sympathetic nerve stimulation is completely abolished by the application of 
nicotine to the stellate ganglia and/or the middle cervical ganglion, and by a 
previous thoracic sympathectomy. Whatever their contribution, it must be 
small, and our methods of recording bronchomotor responses may not be 
sensitive enough to measure their effects. 

The main point of interest arising from these experiments is the fact that 
pre-ganglionic sympathetic fibres, issuing from the upper thoracic sympathetic 
outflow, enter and ascend the cervical sympathetic nerve and yet relay in the 
stellate and middle cervical ganglia. The view has been put forward that the 
fibres concerned may be vagal fibres originating from the dorsal nucleus (Dixon 
& Ransom, 1912). Indeed, an alternative explanation on similar lines might be 
that the vagal fibres originate from cells in the nodose ganglion (Heinbecker & 
O’Leary, 1933). To these hypotheses our experiments lend no support, for after 
previous removal of the superior cervical and nodose ganglia, which would 
cause degeneration of any such fibres, the bronchodilatation to cervical 
sympathetic nerve stimulation can still be elicited. Two other possible ex- 
planations put forward by Dixon & Ransom must therefore be taken into 
consideration. In the first, they suggest that the pre-ganglionic fibres passing 
up the cervical sympathetic nerve might loop, and then descend the nerve again 
to relay in the stellate and middle cervical ganglia (Fig. 9a). The second way 
in which the fibres may be involved in bringing about this response is that by 
a pre-ganglionic axon reflex similar to that described by Langley & Anderson 
(1894) and Langley (1900) in the lumbar and upper thoracic sympathetic 
chain. This response would then be due to axonic branching whereby pre- 
ganglionic fibres, running to form synapses in the superior cervical ganglion, 
branch at some point of their course and give rise to fibres which form synaptic 
junctions in the stellate and middle cervical ganglia. Two such fibres are 
depicted in Fig. 9b. Both these hypotheses are plausible explanations to account 
for the presence of pre-ganglionic fibres in the cervical sympathetic nerve 
giving rise to bronchomotor effects. Indeed, it is found that all the experi- 
mental facts presented here can be explained on either the looping-fibre or the 
branching axon hypothesis. With regard to the probability as to which theory is 
the more likely one, we have little evidence to put forward in favour of either one 
or the other. But the fact that an approximately equal response can be obtained 
by stimulation of the cervical sympathetic nerve high up as low down might 


suggest the presence of branching axons. Proof of this must await further 
information. 


* 
> 
A 2 
* 
Ai 
* 
— 
1 
) 
7 ‘ 
1 
i 
* 
a 
4 
* 
7 
7 
* 
1 
Fs 


— 


> 


mn 


BRONCHOMOTOR FIBRES 61 


Our results, with those of other recent workers, show that the structure of 
the cervical vagosympathetic nerve in the cat is more complicated than was 
once believed. Furthermore, the presence of vagal fibres in the cervical 
sympathetic nerve and of sympathetic fibres in the cervical vagus nerve 
(Ranson, Foley & Alpert, 1933) has an important implication from the experi- 
mental point of view. It illustrates the necessity, when investigating the 
physiological effects of stimulation of either of these nerves, of carrying out 
degenerative sections of nerves to exclude any such aberrant fibres in the 
component under test. re then can a true interpretation of the results be 
made. 

SUMMARY 


1. Stimulation of the caudal end of the cut cervical sympathetic nerve in the 
cat causes bronchodilatation, occasionally followed by bronchoconstriction. 
This response is abolished by the application of nicotine to the stellate ganglion 
and/or the middle cervical ganglion. The fibres are therefore pre-ganglionic. 

2. Nerve degeneration experiments indicate that these pre-ganglionic fibres 
in the cervical sympathetic nerve do not originate from the vagus nerve, 
superior cervical ganglion, nor from a source cephalad to this ganglion, but 
issue from the upper segments of the thoracic sympathetic outflow. 

3. No evidence has been obtained for the presence of post-ganglionic fibres 
in the cervical sympathetic nerve innervating the bronchi. 

4. The majority of the post-ganglionic fibres, with their cells of origin in 
the stellate and middle cervical ganglia and making connexion with the pre- 
ganglionic fibres in the cervical sympathetic nerve, run in the accelerator nerve 
and thoracic vagosympathetic nerve. 

5. Evidence is given that the fibres are adrenergic in nature. 

This investigation was begun in the Department of Physiology, University of Edinburgh, in 
collaboration with Prof. I. de Burgh Daly and Dr Catherine Hebb to whom we are greatly indebted 


for advice and assistance. 
bis thanks to the Medical Rewarch Council fix grant 


defraying part of the expenses of this research. 


REFERENCES 


Braeucker, W. (1926). Arch. klin. Chir. 189, 1. 

Daly, I. de Burgh, Elsden, G. R., Hebb, Catherine O., Ludäny, G. von & Petrovskaia, Barbara 
(1942). Quart. J. exp. Physiol. 31, 227. | 

Daly, I. de Burgh & Hebb, Catherine O. (1942). Quart. J. exp. Physiol. 81, 211. 

Dixon, W. E. & Brodie, T. G. (1903). J. Physiol. 28, 97. 

Dixon, W. E. & Ransom, F. (1912). J. Physiol. 45, 413. 

Foley, J. O. (1941). Anat. Rec. 79, 21. 

Foley, J. O. (1945). J. comp. Neurol. 82, 77. 

Foley, J. O. & Dubois, F. S. (1940). J. comp. Neurol. 72, 587. 

Hebb, C. O. (1940). J. Physiol. 99, 57. 

Heinbecker, O. & O’Leary, J. (1933). Proc. Soc. exp. Biol., V. T., 30, 506. 


— 
3 inf 
¢ 1. 
2 | 
, 
a 
* 
N 
> 


M. DE BURGH DALY AND IL. E. MOUNT 


62 

Hinsey, J. C., Hare, K. & Wolf, C. A. (1942). Anat. Rec. 82, 175. 
Langley, J. N. (1892), Philos. Trans. B, 183, 85. 2 e 
Langley, J. N. (1900). J. Physiol. 28, 364. er, ait | 
Langley, J. N. & Anderson, H. K. (1894). J. Physiol. 16, 410. 1 
Petrovskaia, B. (1989). Quart. J. exp. Physiol. 20, 131. | 
Prevost, J. L. & Saloz, J. (1909). Arch. int. Physiol. 8. 327. 

Ranson, 8. W. & Billingsley, P. R. (1918). J. comp. Neurol. 29, 313. 
Ranson, 8. W., Foley, J. O. & Alpert, C. D. (1933). Amer. J. Anat. 58, 289. 11 
Richardson, A. P. & Hinsey, J. C. (1983). Proc. Soc. exp. Biol., V. T., 30, 1141. N 

4 Saloz, J. (1914 c). C. R. Soc. Biol., Paris, 77, 6. | 


Salon, J. (19146). Contribution q l'étude des muscles bronchiques. These, Université de Genéve. | 
Tiefensee, K. (1929). Arch. exp. Path. Pharmak. 139, 129. 


pel 
| 19% 
tio 
at 
flo 
ple 
mi 
Ob 
me 
| (oc 
Be 
ve 
) by 
Tl 


J. Physiol. (1951) 113, 63-72 


THE PROPORTION OF THE TOTAL HAND BLOOD FLOW 
PASSING THROUGH THE DIGITS 


A. D. M. GREENFIELD, J. T. SHEPHERD ann R. F. WHELAN 
From the Department of Physiology, The Queen’s University of Belfast 
(Received 26 June 1950) 


The blood flow through a finger varies over a much greater range than does that 

‘through the hand, and may reach a considerably higher level in terms of flow 
per 100 ml. of tissue per min. (Freeman, 1935; Wilkins, Doupe & Newman, 
1938; Burton, 1939). We have been unable to find, however, direct observa- 
tions on the proportion of the total hand blood flow passing through the digits 
at various levels of vasodilatation or on the range and variability of the blood 
flow through the remainder of the hand. Such information was needed in the 
planning of other experiments. We therefore carried out experiments to deter- 
mine these proportions and ranges. 


METHODS 


Observations were made on seven healthy subjects, six men and one woman 
(. M. I.), age 19-32 years. In the main series of experiments, twenty-four in all, 
each subject was examined on at least three occasions under different environ- 
mental conditions which included: (a) lightly clad in a room at 11-5-20° C. 
(cool environment); (b) normally clad in a room at 20-29° C. (comfortably 
warm environment); (c) wrapped in blankets in a room at 26-30° C. and with 
both feet and calves in a stirred water-bath at 43° C. (Gibbon & Landis, 1932) 
(hot environment). 

In general, these conditions caused respectively, constriction of the hand 
vessels, moderate dilatation, and dilatation in response to indirect heating. In 
most of the subjects the hand blood flow could have been still further reduced 
by greater cooling, but the flows would then have been too small for reliable 
estimation. 

Subjects were comfortably seated, with arms and hands outstretched in 
front of them on an inclined plane, and about 10 cm. above the sternal angle. 
The hands were inserted into loosely fitting rubber gloves invaginated into 
plethysmographs of the type described by Barcroft & Edholm (1945), filled with 


7 
E. 
| 4 
| 
| 
\ 
) 
4 


64 A. D. M. GREENFIELD, J.T. SHEPHERD AND R. F. WHELAN 


water at 32° C. and coupled to matched float recorders. The rate of blood flow 
was observed by inflating cuffs on both wrists simultaneously to 70 mm. Hg 
according to the principles of Brodie & Russell (1905) and Hewlett & Zwalu- 
wenburg (1909). After an initial observation period, which provided evidence 
of the degree of symmetry of the circulation through the two hands, the 
left hand was removed from its plethysmograph, a tight rubber band applied 
to the base of each digit, the hand re-inserted, and observations resumed. This 
operation usually occupied 45 min. After further blood flow records had been 
obtained the right hand was, in some experiments, similarly treated and 
observations were again resumed. Finally, wrist cuffs were inflated to 200 mm. 
Hg, and the system calibrated by adding measured volumes of water to, and 
withdrawing them from, the plethysmographs. The volumes of the digits an 
hands were measured by displacement of water. , 


Preliminary calibration procedures 

The ability of the rubber bands to arrest the digital circulation. An index finger 
was immersed to the proximal interphalangeal joint in a calorimeter (Green- 
field & Shepherd, 19506) containing 1 l. of water at 29-980° C. The change in 
temperature each minute was noted. Observations were made until a reasonably 
steady state was attained, the temperature changes being +100 to +116 
milli C. per min. The finger was then momentarily removed, and a rubber 
band applied at the base. On re-insertion into the calorimeter, the temperature 
change declined to a steady value of —5 milli C. per min. An arm cuff was 
then inflated to 230mm. Hg. The temperature change each minute was unaltered. 
After 5 min. the cuff was released, and the temperature change each minute 
was again unaltered, being still —5 milli ° C. On then releasing the rubber 
band, the temperature changes in the following minutes were: +59, +198, 
+183 and +167 milli ° C. There was therefore no evidence that inflation of 
a cuff on the upper arm to 230 mm. Hg was more effective in arresting the 
3 to the finger than was the rubber band applied to the base of the 


Observations were also made on an index finger with a plethysmograph 
(Greenfield & Shepherd, 1950 a) connected to a soap- bubble volume recorder 
(Greenfield, 1948). When the rubber band was applied at the base, the pulsations 
disappeared. Inflation of a pneumatic cuff over the rubber band to a wide 
range of pressures failed to produce any changes in finger volume which could 
be interpreted as showing that blood was passing under the band. 

The same rubber bands were used throughout the experiments. As it was 
thought possible that they might have weakened they were re-tested at the 
conclusion of the series of experiments. Further, to be sure that they were 
effective not only on the index finger but on all fingers, and also at the height of 
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vasodilatation in response to indirect heating, we carried out the following 
experiment. The subject was wrapped in blankets and had his feet in a stirred 


water-bath at 43° C. for 20 min. before starting observations. The four fingers 
of the left hand were immersed in a calorimeter containing 4 |. of water at 


- 28-185° C. (Greenfield & Scarborough, 1949). After an initial period of observa- 


tion in which the temperature change each minute was +32 to +36 milli ° C. 
a band was applied to the base of each finger and the temperature change 
settled at +2 milli C. per min. Inflation of an arm cuff to 220 mm, Hg 
reduced the temperature change to +1 milli ° C. per min., but there was a 
further drop to 0 milli C. per min. when the arm cuff was released, the finger 
bands being still in position. 

There was therefore no evidence in any experiment of any blood flow through 
the fingers with the bands in position. The rubber bands were 0-9 mm. thick, 
3-0 mm. broad and 108 mm. in total length when not stretched. In all the 
experiments described, each band encircled the base of the digit three times. 
When it encircled the digits twice only the circulation was not completely 


arrested. The constricting force was therefore not greatly in excess of that 


required and the bands were not painful. 

The influence of the constricting bands round the digits on the blood flow through 
the remainder of the hand. Barnes & Trueta (1942) found that a tight wire 
tourniquet applied to the root of the hindlimb and left in place for 44 hr. 
produced a severe arterial spasm in the hindlegs of rabbits which persisted for 
as much as 72 hr. The spasm often involved the collateral arteries and even the 
main artery of the opposite limb. Had our rubber bands at the root of the 
fingers caused a similar condition in the palmar arteries the method would have 
been useless for our purpose. We have no direct evidence to offer, but the 
following observations are relevant: 

(1) The bands we used were not excessively tight. When made to encircle 
the digit twice instead of three times, they failed to arrest the circulation 
completely. 

(2) On removal of the bands, the fingers quickly became flushed, showing 
that no serious degree of spasm persisted. By spasm we mean a persistent 
active arterial constriction, which may involve a considerable length of 
artery. 

(3) In experiments of the type shown in Fig. 2, following the application of 
bands at different times to the digits of the two sides, the blood flows were 
either equal or else at a constant ratio similar to that through the hands before 
the bands were applied. This shows that if there was any spasm it must have 
been immediate in onset, and then constant in degree. 

(4) It was thought that if one rubber band at the base of each digit caused 
some spasm, two bands might increase the spasm. This point was tested as 
follows. One rubber band was applied to each digit of both hands. The blood 
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flows through the bodies of the hands were then observed plethysmographically 
and expressed as ml./100 ml./min. The averages of ten readings were 
Left 80  Right89 Left 90% right. 


A second band was now applied to each digit on the left side, and the averages 
of ten readings were 
Left 6-7 Right 7-8 Left 86 9% right. 


In a second experiment on a different subject the corresponding readings 
before the extra bands were applied were 
Left 76 Right 8˙3 Left 92% right. 
and afterwards 
Left 5-2 Right 5˙8 Left 89% right. 


The extra bands evidently made little difference to the ratio of the blood flows 
on the two sides. 

(5) A comparison was made between the heat elimination from the body of 
the hand and thumb before and after application of the rubber bands to the 
fingers. The main uncertainty in interpreting the results of these experiments 
is the relationship between heat elimination and blood flow in the different 
parts of the hand. The heat elimination from the fingers on both sides was first 
measured (period 1), and in two subjects was found to agree within 1%. The 
whole hand was now immersed on one side, and after conditions had become 
stable, the heat elimination from the whole hand was compared with that from 
the fingers on the opposite side (period 2). The hand was removed, rubber bands 
applied to the bases of all the fingers, and heat elimination from the body of the 
hand and thumb compared with that from the fingers on the opposite side 
(period 3). The results are shown in Table 1. 


Tana I. Comparison of the heat elimination, in calories per 10 min., from the right fingers, whole 
hand, and whole hand with finger circulation occluded. The heat elimination from the fingers 
of the left hand is used as a control throughout. 


Subject Period Left Right 
L. G. 1 Fingers, 306 

2 Fingers, 420 Whele hand, 980 

3 Fingers, 312 Whole hand, fingers occluded, 387 
R. F. W. 1 Fingers, 840 Fingers, 

2 Fingers, 915 Whale hand, 1780 

3 Fingers, 704 Whole hand, fingers occluded, 620 


With the circulation free, oat elimination from the whole hand less the 
fingers = 980 — 420 cal. 560 cal. 

With the circulation arrested, heat elimination from the whole hand less the 
fingers = 387 cal. 


in 
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Between the second and third periods the heat elimination from the left 
fingers had dropped from 420 to 312 cal. On the assumption that heat elimina- 
tion changes symmetrically, the heat elimination from the whole hand less 
fingers would have dropped to 560 x 312/420 cal., that is to 427 cal. On this 
basis, with the rubber bands in position the heat elimination from the whole 


band less the fingers was 387/427, or 91%, of that when the circulation was pg 


In the second experiment, the proportion was 93-5 0%. 

Although no critical experiment has been devised the weight of this indirect 
evidence makes it very unlikely that the bands we used caused spasm of the 
vessels proximal to the constriction and of sufficient extent to interfere with our 
method. 

RESULTS 
The results of a typical experiment will first be described (Fig. 1). The subject 
had been in the room at 27° C. for more than an hour. He was wrapped i in 
blankets and had his feet in a stirred water-bath at 43° C. for 10 min. before 
observations started. 
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Fig. I. A. D. M. d. during indirect heating. Blood flow in ml./min. through the right and left hands. 
At the vertical broken line the circulation was arrested through all the digits of the left hand. 
Volumes: left hand 411 ml., left digits 95 ml., right hand 438 ml. 


In the initial period (0-10 min.) the hands were observed under as nearly as 
possible identical conditions. The blood flow on the right was, however, con- 
sistently higher than that on the left, but the fluctuations in flow were sym- 
metrical. The averages of the flows for the whole hands in ml./min. (not ml. 
100 ml. of hand per min.) were right 88-7, left 73-0. A band was then applied 
to the base of each digit (including the thumb) of the left hand. The flows in 
the whole hands on the two sides were now at very different levels, but the 


fluctuations were still symmetrical. The averages of the flows in this period 


were right 84-2, left 29-1. 
No method is available for observing the digital and whole hand flows 
simultaneously in the same hand. It,was therefore necessary to arrive at 
5-2 


Z 


68 A. D. M. GREENFIELD, J.T. SHEPHERD AND R. F. WHELAN 


a figure for the expected blood flow in the left hand in the second half of the 
experiment, had the digital flow not been arrested. Owing to the variability of 
the blood flow through the hand, it could not be assumed that the flow in the 
left hand would have remained at the same level as in the first part of the 
experiment, but it is reasonable to assume that the flow through the two sides 
would have continued at a constant ratio. In the initial period the flow in the 
left hand was 73-0/88-7 of that in the right. This gives for the second half of the 
experiment: 73-0 

Expected blood flow through left hand x 84:2 ml./min. = 69-5 ml./min. 
(or 16-9 ml./100 ml. of tissue per min.). 

Measured blood flow through left hand less digits = 29-1 ml./min. (or 9-2 ml. / 
100 ml. of tissue per min.). 

Blood flow through digits = 40-4 ml. / min. (or 42-5 ml./100 ml. of tissue per min.). 

Proportion of total hand flow passing through the digits - 580%. 
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Fig. 2. H. S. N. while comfortably warm. Blood flow in ml./ min. through the right and left hands. 
At the first vertical broken line the circulation was arrested through all the digits of the left 
hand. At the second vertical broken line the circulation was also arrested through all the 
digits of the right hand. Volumes: left hand 488 ml., left digits 112 ml., right hand 488 ml. 
Note that this subject when comfortably warm had a higher blood flow through the hand than 
had A. D. M. G. when indirectly heated. 


In most of the experiments the discrepancy between the two hands was less 
than on this occasion, but in the experiments on moderately warm subjects, of 
which Fig. 2 is an example, the symmetrical fluctuations in blood flow were 
greater. The average discrepancies between the blood flows through the two 
hands with the subjects cool, warm and indirectly heated were, in ml./100 ml. / 
min.,0-3(12°8%), 1-4(13-7 %) and 2:2 (11%) respectively. There was no apparent 
regularity in the predominance of one hand over the other; taking all the results 
from twenty-four experiments on seven subjects into account there was only 
a 3% difference between the blood flow through the right and left hands in 
terms of ml./100 ml. of tissue per min. 
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In those experiments which were concluded by observing both hands with 
the digital circulation arrested, the blood flows through the remainder of the 
hands were either identical or in about the same proportion as the flows through 
the whole hands in the initial period (Fig. 2). 

The percentage of the total hand blood flow passing through the digits wnder 
different environmental conditions. The results of twenty-four experiments of the 
type illustrated in Figs. 1 and 2 are summarized in Fig. 3. The percentage of 
the total hand blood flow passing through the digits has been plotted against 
the hand blood flow expressed as a percentage of the individual maximum 
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Total hand flow as percentage of individual maximum 


Fig. 3. The percentage of the total hand blood flow which passes through the digits (ordinate) 
under cool, comfortably warm and hot conditions. In each case the total hand blood flow in 
ml./100 ml./min. is expressed as a percentage of that observed in the same subject in response 
to indirect heating (abscissa). In the hot condition, total hand flow is for all subjects 100%, 
in the comfortably warm condition between 7 and 96%, and in the cool condition between 3 
and 15% of the individual maximum. Y J. J. F. @ A.D.M.G. © EMI. U J. I. A HSN. 
O J. T. S. R. F. W. 


obtained by indirect heating. While there is a large individual variation, it is 
clear that, in general, the percentage of the total flow which passes through the 
digits is greater when the subject is comfortably warm than either when he is 
lightly clad under cooler environmental conditions or when he is indirectly 
heated in a hot environment. With the subject comfortably warm 46-82% 
(average 69%) of the total flow passed through the digits. When cooler the 
percentage varied from 19 to 64% (average 43 ·8 %), and when indirectly 


_ heated from 27 to 58%, (average 44·5 0%. 


In one case (H. S. N.) the percentage passing through the digits remained 
relatively constant (between 46 and 48%) under the three conditions. In 
another case (R.F.W.) the hand blood flow under comfortably warm conditions 


— ™ * 
4 
yf 
e 
0 
| 


70 A. D. M. GREENFIELD, J. T. SHEPHERD AND R. F. WHELAN 


was nearly equal to that obtained in a hot room with indireot heating on another 
occasion, but the proportions of the total blood flow passing through the digits 
were 76 and 46%, respectively. 

Fig. 4 shows for each individual subject the maximum and minimum blood 
flows observed under our conditions and expressed in ml./100 ml./ min. passing 
through the body of the hand (black), the whole hand (hatched), and digits 
(clear). The blood flow through the digits showed the greatest range of varia- 
bility, and that through the body of the hand the least. The mean values for 


ed of hand 
N Whole hand 
[] Digits 


0 
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Fig. 4. The maximum and minimum blood flows, observed in response to indirect heating and 
general body cooling respectively, through the body of the hand, whole hand and digits of 
seven normal subjects. The top of each rectangle represents the maximum, and the bottom 
the minimum value for the individual. The maximum or minimum refers to the average level 
during an experiment of the type shown in Figs. 1 and 2, and not to a single observation. 
Blood flows are expressed in ml./100 ml. of tissue per min. The minimum values are not the 
lowest obtainable, but the lowest that could be accurately observed. 
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minimum and maximum blood flows respectively in the seven subjects were: 
body of the hand 1-6-17-8, whole hand 2-3-25-0, digits 4-8-53-0 ml./100 ml./min. 
It must be emphasized that the minimum flows mentioned were the lowest 
which allowed the application of the method with reasonable accuracy, but 
that still lower flows could have been obtained by further cooling. 


DISCUSSION 


The assumptions made in interpreting our measurements were that: 

(1) The blood flows through the two hands would, in any one experiment, 
have remained at a constant ratio, usually close to unity, had the digital 
circulation not been occluded on one side. This assumption is supported by the 


wr 4 ratio generally maintained in the initial period of observation (Figs. | 
2) 
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(2) The application of constricting bands to the bases of the digits did not 
alter the blood flow through the remainder of the hand. It might have done so 
in two ways: 

(a) By increasing the perfusion pressure available for the rest of the hand. 
Kerslake’s experiments (1949) on the forearm blood flow show that after the 
first minute the apparent forearm blood flow is the same whether the wrist 
cuff is inflated to 70 or 200 mm. Hg. This indicates that obstructing the arteries 
at the wrist does not alter the forearm blood flow. It therefore seems likely that 
obstructing the digital arteries will not alter the flow through the remainder of 

(6) By causing spasm in the proximal arteries. None of the experiments we 
have performed to investigate this point is by itself decisive, but the weight of 
evidence already presented makes it very unlikely that spasm, if it occurs at all, 
interferes seriously with our findings. 

If these assumptions are granted, the main point of interest is the much 
larger percentage of the total hand blood flow passing through the digits when 
the subject is comfortably warm than when either cool or indirectly heated. 
As the subject is progressively warmed, the digital vessels dilate at a lower 
level of warming than do those in the remainder of the hand. These differences 
may be largely due to the distribution of arterio-venous anastomoses and 
proportions of skin and muscle in the digits and remainder of the hand. 

The behaviour of the resting blood flow through the body of the hand resembles 
more closely that of the digits than that of the forearm. The spontaneous 
fluctuations in the blood flow through the digits (Burton, 1939) and whole 
hand (Freeman, 1935) are seen also in the body of the hand. As in the digits, 
these fluctuations are symmetrical on the two sides. 


SUMMARY 


1. A method is described for estimating the percentage of the total hand 
blood flow passing through the digits, and the uncertainties are discussed. 

2. Twenty-four observations were made on seven subjects. 

3. When a subject is comfortably warm a greater percentage (average 69%) 
of the total hand flow passes through the digits than when he is cool (average 
43-8°%) or indirectly heated (average 44-5%). 

4. The digital vessels appear to dilate at a lower level of general body heating 
than do those of the body of the hand. 

5. The body of the hand shows the irregular fluctuations in blood flow which 
occur synchronously in all the extremities. 


We wish to thank the students who acted as subjects in these experiments. 
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THE RESTING EXCHANGE OF RADIOACTIVE POTASSIUM 
3 IN CRAB NERVE 


By R. D. KEYNES anp P. R. LEWIS 
From the Physiological Laboratory, University of Cambridge 
(Received 14 July 1950) 


This is the first of several papers describing some work with radioactive tracers 
on the ionic permeability of non-medullated invertebrate nerve fibres. The 
final objective was to determine the extent of the ionic movements during 
nervous activity, but preliminary experiments had to be done with resting 
nerve, in order to discover how reliable measurements could best be made of 
the amounts of ions passing through the nerve membrane under various con- 
ditions. It was essential to aim at determining the absolute magnitudes of the 
ionic fluxes as accurately as possible, since the results could not otherwise be 
correlated in a satisfactory way with observations made by other techniques. 
The purpose of most of the experiments discussed here was therefore to see 
what factors affected the resting exchange of ions, and how the rate of exchange 
could be measured most precisely. 

The work was begun with leg nerve from the Shore Crab, Carcinus maenas, 
partly because the animals were easy to obtain and keep alive in the laboratory, 
and partly because a certain amount of information was already available 
about the electrical characteristics of the 30h. fibres which can be dissected 
from whole nerves (Hodgkin, 1947a). The method adopted was to observe the 
time course of exchange of radioactive ions by soaking nerves in radioactive 
solutions, mounting them in a thin-bottomed chamber over a Geiger counter, 
and then determining the rate at which radioactivity was lost when an inactive 
solution was circulated past them. The exchange rates under different conditions 
could be compared by taking several sets of counts for each nerve, a procedure 
which avoided much of the uncertainty due to variation between individual 
preparations. It was soon found that whole nerves were unsuitable for making 
absolute measurements of the ionic fluxes, chiefly because the sizes of the fibres 
in them covered rather a wide range. Experiments could not be done with 
single 30 f. fibres, owing to their small size, but by using bundles of about half 
a dozen, and K % samples of high specific activity, it proved possible to make 
fairly reliable determinations of the exchange rates. Experiments with whole 
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nerves were continued in parallel, since there were some questions, such as the 
extent to which intracellular potassium was free to exchange with K“, which 
could not conveniently be investigated with 30 f. fibres. 

At the time when this work was done it was difficult to obtain supplies of 
Na whose specific activity was high enough for experiments with 30 f. fibres. 
This paper is hence concerned chiefly with the resting exchange of potassium, 
and only one experiment with Na™ is briefly mentioned. The effect of stimula- 
tion on the movements of potassium in crab nerve is considered in the following 
paper (Keynes, 1951 a). 

METHODS 
Apparatus. Radioactivity measurements were made in two identical chambers, the apparatus 
being duplicated so that parallel experiments could be done on pairs of nerves. The chambers were 
built on old microscope stages. The side walls were glass and Perspex (see Text-fig. 1), and the 
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Text- fig. 1. Simplified diagram of chamber used for radioactivity measurements 
(not accurately to scale). 


bottom was an 80 f. sheet of mica stuck to the brass stage with vaseline. A brass ring soldered to 
the underside of the stage held the chamber on top of a 1 in. thick cylindrical lead shield in which 
a G. E. C. type GM2 copper-window Geiger tube was mounted upside-down. The nerves were held 
over the central hole in the stage in forceps mounted on a Palmer screw stand, and could be raised 
quickly out of the chamber and transferred to other solutions when necessary. Square pulses from 
a multivibrator circuit were applied to one pair of forceps, the shocks being synchronized with the 
a.c. mains so that they occurred at a frequency of 50/sec. or its submultiples. The other pair of 
forceps was connected via a cathode-follower to a d.c. amplifier and cathode-ray tube, so that the 
action potentials could be examined. The Ringer’s solution in the chamber was earthed by a silver/ 
silver chloride spiral, and was stirred by a circulating system driven by compressed air. This 
completely changed the fluid in the chamber in about 20 sec., and also served to keep it fully 
aerated. The total volume in circulation, 350 ml., was large enough to prevent the radioactivity of 
the solution from rising appreciably as ions from the nerve accumulated in it. The counting rates 
were measured by conventional scale, of- ten scalers, an automatic timing device being used to 
switch on one or both of them for predetermined time intervals. 
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Preparation of radioactive potassium. For the earliest experiments K“ samples were prepared by 
deuteron bombardment of KHCO, targets in the Cavendish Laboratory's cyclotron. The KHCO, 
was dissolved off the target in a small amount of distilled water, neutralized with standard HCl, 
and made up into Carcinus Ringer. For the later experiments with 30 fl. fibres it was necessary to 
increase the specific activity of the samples, and K BO, targets were therefore used, as suggested 
by Weil, Reid & Dunning (1947). These were much more stable than KHCO, during bombardment, 
and would stand the full deuteron beam without burning off the target. The targets were prepared 
by spreading a finely ground-up paste of KBO, in water on a copper sheet, drying overnight in 
a vacuum desiccator, and baking at 120° C. to remove last traces of water of crystallization. After 
bombardment, generally for 3 hr., the K BO, was dissolved in 2 ml. distilled water, and filtered to 
remove insoluble impurities from the target (chiefly CuO). The potassium was precipitated as 
KOI0, by adding 0-5 ml. of 70% perchloric acid, and cooled to 0° C. The precipitate was filtered 
off on a sintered glass filter, washed with ethyl alcohol saturated with K CIO, dried, and reduced 
to KCl by heating in a weighed crucible with a trace of MnO,. After reweighing, the KCl was 
dissolved in water, filtered into a 10 ml. volumetric flask, and made up to a standard solution. The 
total amount of KCI available was generally about 150 mg., which was enough to make 175 ml. 
of Carcinus Ringer. The average specific activity immediately after bombardment was about 
10 pouries/mg. K. 

A few experiments were done with samples of KHCO, supplied by A.E.R.E., Harwell, which had 
been irradiated in a neutron pile. The potassium was precipitated as K CIO, and then converted to 


KCl as described above. 


Checks were made to see that there were no appreciable amounts of radioactive impurities, 
either short- or long-lived, by determining the half-life of each sample. This was always within 3% 
of the correct value (12-4 hr.), and no evidence of any impurity was ever found. This test would 
not have shown up the presence of a small amount of Na™ in the samples, but all sodium would 
have been eliminated by the chemical procedure, since sodium is not precipitated as perchlorate. 

Counting corrections. All counts were corrected for the decay of the K, using a table calculated 
from the theoretical decay constant. At counting rates greater than 1000 counts/min. a correction 
had to be applied for losses due to the dead time of the scaler, which was determined by a multiple 
pulse generator. All counts were also corrected for the unavoidable background due to stray 
radiation. This was generally about 12 counts/min., and frequent checks were made to see that it 
had not been increased by contamination of the apparatus with radioactivity. The figures given 
in the following sections have all been corrected for these three factors. 

Composition of Ringer s solution. The inactive and radioactive solutions used in the experiments 
had the same composition, being based on the figures given by Pantin (1946), slightly modified for 
convenience in preparation by making the amounts of Mg++ and 807 equivalent. They were 
made up from isotonic solutions, and their composition is shown in Table 1. 


Tax 1. Composition of Carcinus Ringer 
mM. mM. 
Nat 495 Mg“ 183 
K“ 113 Cl- 532 
Cat+ 126 183 


Experimental procedure. Nerves were dissected by the method described by Hodgkin (1938), 
except that the dissection was extended to the carpopodite as well as the meropodite, in order to 
obtain at least 3 om. of nerve. For whole nerve experiments the nerve was ready for use as soon 
as the connective tissue sheath and any loose strands of fibres had been removed, though it was 
sometimes divided up into several bundles of fibres, only one of which was used. 

To measure the rate of uptake of K“ the nerve was mounted on forceps and then immersed in 
a dish of K Ringer. At intervals of 20-30 min. it was quickly transferred to the chamber for 
measurement of its radioactivity. Loss of K** during the counting period was minimized by making 
it as short as was consistent with reasonable accuracy—generally 2 or 3 min. When the internal 
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radioactivity had reached a suitable level the nerve was transferred permanently to the chamber, 
and a series of counts was taken while the K leaked out into inactive Ringer. 

When only the rate of loss of K was to be observed the nerves were put into K Ringer as soon 
as they had been dissected, and were left to soak for 1 or 2 hr. before being mounted on forceps and 
moved into the chamber. In most of the experiments on the resting exchange of K“ the nerves 
were stretched flat across the central hole in the chamber, and raised just above the mica bottom 
so that the Ringer could circulate freely round them. Excitability was tested at the beginning and 
end of each set of measurements by lifting the ends of the nerve just clear of the Ringer in order to 
examine the action potential. The paraffin oil layer shown in Text-fig. 1 was only necessary in the 
experiments on the effect of stimulation, where the ends of the nerve had to be insulated so that 
stimuli could be applied without moving them. 

For experiments on 30 f. fibres, three or four legs were taken from one crab, and the nerves were 
put in a large Petri dish containing K Ringer. The dissection of the 30 fl. fibres took several hours, 
so that by the time it was finished about four-fifths of the internal K had exchanged with K“, and 
determination of the rate of K, loss into inactive Ringer could be started immediately. The 30 f. 
fibres were generally grouped in twos and threes, as can be seen from the photomicrographs in 
Pl. 1, and these bundles were kept intact. Loose pieces of connective tissue and smaller fibres were 
removed as far as possible, but no attempt was made to produce very cleanly dissected fibres, since 
it was of over-riding importance to have the fibres in good condition. Fortunately the 30 f. fibres 
survived far better, even after they had been roughly treated in the dissection, than the smaller 
fibres of a whole nerve, probably because of their smaller surface/volume ratio. When about six 
fibres were ready, they were gathered together with a dissecting needle and mounted on the forceps. 
Their excitability was then tested with the ends lifted up into the air for a few seconds, By gradually 
increasing the stimulus strength and watching the individual action potentials appear on the 
cathode-ray tube, it was generally possible to tell how many of them were conducting impulses, 
though when there were more than about six it became increasingly difficult to count them. As 
long as at least five out of six fibres gave action potentials when tested at 1 impulse/sec. the experi- 
ment was continued; when fewer of the fibres were excitable they were rejected and a fresh batch 
was dissected, but this was not often necessary. After a pair of fine glass hooks had been put in 
position to hold down the central part of the fibres, the whole assembly was raised out of the Petri 
dish, swung round, and lowered into the measuring chamber. A layer of paraffin oil was poured on 
top of the Ringer, whose level was then lowered until the ends of the fibres were 2 or 3 mm. above 
the oil-water interface. The fluid-circulating device was switched on, and a series of counts was 
taken to determine the rate at which K was lost, first with the nerve resting in normal Ringer, 
then with altered conditions, and finally in normal Ringer again. 

When these measurements were complete, the excitability of the fibres was tested again, and 
they were moved back into the Petri dish and taken off the forceps. The diameter of each fibre was 
measured in at least three places, using a micrometer eyepiece ( x 20) and a high-power objective 
(16 mm.) in a Greenhough binocular microscope. In the first experiments the total diameter was 
measured, including the thin layer of connective tissue which surrounded each fibre. Later it was 
found that by careful observation the true diameter of the fibre, excluding the connective tissue, 
could be measured fairly accurately. Measurements on fixed sections of several nerves (see Pl. 1) 
showed that the average sheath thickness was 11-5 0% of the overall diameter. This agrees with the 
estimate of Hodgkin & Huxley (1947) that it is 2-5 f. thick for a 30 f. fibre. The earlier 
were corrected accordingly, so that the figures given in Table 5 represent the best estimate that 
could be made of the true fibre diameter. Individual fibres frequently varied in diameter by as 
much as a fifth at different points, so that the maximum error in the final result was probably 
about + 15%. 

Determination of total potassium exchange. The total exchangeable potassium in whole nerves was 
measured by comparing their radioactivity with standard K samples after they had been soaked 
for long periods in K % Ringer. The nerves were mounted in a Perspex framework and put into 
a deep jar of K Ringer, which was kept thoroughly stirred by bubbling in compressed air. When 
soaking was complete, the nerves were cut through about 5 mm. from either end, in order to reduce 
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errors from the damaged ends, lightly blotted, and put on weighed nickel dishes. After reweighing 
they were dry-ashed in an oven for 5 hr. at a temperature rising slowly to 500° C. Their radioactivity 
was then compared with that of 0-05 ml. K* Ringer samples, which were measured out with a micro- 
pipette on to nickel dishes and evaporated to dryness, using a conventional counting arrangement 
with a copper-window Geiger tube. The ash was finally washed off the dishes into platinum crucibles, 
and the total potassium present was determined by the dipicrylaminate method, as described 
below. Checks showed that incineration of the nerves on nickel rather than platinum dishes caused 
no appreciable loss of potassium. There may have been slight losses of potassium by volatilization 
during incineration, but this would have affected the radioactivity as well as the total potassium, 
and so would not have altered the figure obtained for the percentage of potassium exchanged. 

Determination of potassium in nerve samples. Precipitation of potassium as the dipicrylaminate, 
which was first used for quantitative microanalysis by Kolthoff & Bendix (1939) and Harington 
(1941), has the advantages over the more commonly employed cobaltinitrite method that the 
precipitate has a constant composition, being a pure potassium salt, and is a strong orange-red in 
colour, so that it can be determined directly in a colorimeter. The procedure described by these 
authors was used, with some modifications, for almost all the analyses. The losses and errors at 
each stage were carefully checked with K, and a reliable routine was worked out. Only an outline 
of the method is given here; it will be discussed in greater detail elsewhere (Lewis, 1951). 

The ash was dissolved in one drop of dilute HCl, excess acid was evaporated off in an oven at 
110° C., and the residue was taken up in two drops of water. About 0-2 ml. of either sodium or 
lithium dipicrylaminate reagent (prepared by boiling 2-5 g. of dipicrylamine, previously recrystal- 
lized from glacial acetic acid, with 100 ml. of a 0-1 & solution of the alkali carbonate, and filtering 
the solution when cold) was then added. After standing for about an hour at room temperature 
the crucibles were put in an ice-bath and left in a refrigerator overnight. The supernatant solution 
was filtered off through a sintered-glass filter stick, and the precipitate was washed, first with two 
drops of ice-cold water, then with eight drops of a solution of potassium dipicrylaminate cooled to 
0° C., and finally with another drop of water. The precipitate was next dissolved in the minimum 
quantity of acetone (about 2 ml.), and diluted to a standard volume, generally 50 ml., with 0-001 
N- NaOH (to prevent hydrolysis), The depth of colour was determined in 1 cm. cells, using a single 
beam photoelectric colorimeter with an Ilford filter no. 621 (Bright Spectrum Violet). The method 
was standardized by precipitating known amounts of K from a mixture of K, Na, Cl, Ca, and 
phosphate in roughly the proportions found in crab nerve. The standard error was between + 1-5 
and +2-5 % for amounts down to 20 yg. of K. and slightly greater for amounts down to 10 yg. 
Standardization against solutions made up with weighed quantities of potassium dipicrylaminate 
gave results 2-5 % low, owing to inevitable losses in precipitation and washing. 


THEORY 


Before considering the experimental results, it will be helpful to derive equa- 
tions for the time course of exchange of radioactive ions, particularly in the 
case of a cell which is not in a steady state. Suppose the cell has a volume V, 
surface area A, and that the intracellular and extracellular concentrations of 
the ion whose movements are being investigated are C, and Ce respectively. 
The inward and outward ionic fluxes, which are not necessarily equal, are m, 
and m,. The internal concentration is changing at a rate given by 


a (m;—m,). (1) 


At time tO the cell is immersed in a well-stirred radioactive solution containing 
the same total amount of ions, C., of which a proportion s, are radioactive. 


— 
Ex 
tg 
7 
a 
4 
| 
* 
* — 


78 R. D. KEYNES AND P. R. LEWIS 
After time t, the resulting internal specific radioactivity is 8. The total radio- 
activity of the cell, Y, is then given by 


(2) 
and this is changing at a rate 
or, from (2), | 
4897 1. (4) 


Conversely, if the cell is first allowed to accumulate some radioactive ions, and 
is then put in a well-stirred inactive medium for which s,=0, radioactivity is 
lost at a rate ay 


(5) 
or, from (2), 
(og. T) — (6) 


Equation (6) is of considerable practical importance, since the rate of loss of 
radioactivity in an inactive solution is a convenient quantity to determine 


experimentally. The value of 4 (log, T) will be termed the exchange constant, 


and denoted by k. It is a rate constant, or the reciprocal of a time constant, and 
its dimensions are therefore hours-". 

It is reasonable to assume, as Harris & Burn (1949) did in their treatment of 
the problem, that the outward flux is directly proportional to the intracellular 
concentration of the ion, so that 


My = (7) 
and hence (8) 


(x, thus has the same meaning as in Harris & Burn’s paper, while & is the same 
as their ). It should be observed that even if m, is actually a more complicated 
function of C, and other variables such as the membrane potential, the 


expression V | 
mM, =k A 0. (9) 
can be used to calculate the absolute size of the outward flux, as long as the 
value of C, at the time of the measurements is known. 

The total concentration of intracellular ions exchanged during a period of 
immersion T in a radioactive solution can be written as 


Cf =0, (10) 
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If the net rate of entry of radioactive ions at time T, (d Y/dt),, is measured, and 
if the cell is then transferred to an inactive solution and the initial rate of loss 
of radioactivity, (d I/ dt), is also measured, we have from (3), (5) and (10) 
_ Mo _(d¥/dt)p 

C, (ava), | (11) 
This expression is independent of any assumptions about the relationships 
governing the sizes of the ionic fluxes, and is useful under certain circumstances 
for calculating the value of C, in an axon which is not in a steady state (Keynes, 
1951 5). 

In the steady state m and m, are equal and constant, so that equations (4) 
and (6) can readily be solved, giving the usual simple exponential expressions 
(see Harris & Burn, 1949). A complete solution for the case of a cell not in 
a steady state would require a detailed knowledge of the relationship between 
ionic flux, ionic concentrations, membrane potential and membrane per- 
meability, which is not at present available. Only the solution of one special 
case, which will be valuable in interpreting the results of some of the experi- 
ments, can be given here. 

It was observed that the total potassium content of whole Carcinus nerves 
declined in a roughly exponential fashion (see Table 4) so that we can write 


A 
O,=Coexp| Fret], (12) 
and hence (13) 


where Ax,/V is a rate constant for net potassium leakage similar to that for 
loss of Kd in an inactive solution, which is, from (8), Ax,/V. Combining (I), 
(4), (12) and (13) it follows that for the entry of radioactive ions in K Ringer, 


d 4 4 
exp| Frat |- Fm. (14) 
Since ¥=0 when t= the solution of this is | 
A 


and from (2), (12) and (15) the change in intracellular specific radioactivity 
follows an exponential time course given by 


(16) 


The total radioactivity of the cell thus depends on the product of two factors, 
one representing the total ionic content, and the other representing the specific 
activity of the cell contents, which both vary exponentially. Furthermore, the 
rate constant for the change in specific activity is simply the difference between 
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the rate constants for loss of K® in an inactive medium and for net loss of 
potassium. This relatively straightforward solution is only obtained with the 
particular assumptions made above, and has no general validity, but it will be 
seen that it does describe the behaviour of the potassium in Carcinus nerves 
quite well. 

The steady state equations have been used in different guises by several 
authors, though their methods of deriving them and of expressing the results 
of their experiments have not always been the same. Krogh’s (1946) perme- 
ability constant P, for example, has dimensions cm./hr., and using the notation 
above corresponds to the value of m/C;. This method of expressing the results 
of permeability studies with radioactive tracers gives a false impression of the 
relative fluxes for different ions, in that cells containing much less sodium than 
potassium will have values of P much greater for sodium than for potassium 
even when the ionic fluxes are actually equal. Conway (1947) preferred to 
express the permeability constant as the flux per unit external concentration 
(=m/C,), but this, too, gives misleading results when, for instance, chloride 
and potassium fluxes are compared. As Teorell (1949) has pointed out, it is 
dangerous to calculate such so-called permeability constants with reference 
only to the ionic concentrations, and without taking into account the electric 
field across the membrane. Moreover, different species of ions do not necessarily 
cross the membrane by the same type of pathway (Ussing, 1949), so that they 
may be influenced by different driving forces, in which case any comparison of 
their permeability constants has a rather restricted meaning. The results of the 
experiments considered here will be expressed in terms either of the ionic 
flux m, or of the exchange constant k, both experimentally determined quantities 
which do not imply any specific type of driving force. 


RESULTS 
The uptake of K by resting whole nerves 
In the experiment illustrated in Text-fig. 2 a whole Carcinus nerve was soaked 
in K Ringer for nearly 5 hr., and its radioactivity was measured at intervals. 
The total amount of K“ in the nerve reached a peak after about 3 hr., and 
subsequently fell off again, despite the fact that it was still in K Ringer. 
Several other experiments gave similar results. This is clearly the type of 
behaviour which might be expected if there were a continuous net leakage of 
potassium from the nerve in addition to the resting exchange of ions, and it is 
interesting to see whether the results agree with the equations derived in the 
preceding section. Later experiments on the extent of potassium exchange in 
whole nerve showed that the total potassium content of nerves soaked in normal 
Ringer was reduced to half its initial value in about 5 hr. (see Table 4), so that 
the rate constant for net potassium leakage, Ax,/V, was about 0-14 hr. 1. 
Subsequent determination of the rate of loss of K® in inactive Ringer for the 
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nerve of Text-fig. 2 gave an exchange constant, Ax,/V, of 0-50 hr. -I. Taking 
these two figures, and the total radioactivity at one point (t=1-1 hr.) on the 
experimental curve, the theoretical uptake according to equation (15) was 
calculated, giving the points plotted as open circles. Considering the rough 
and ready nature of this procedure, the theoretical values fit reasonably well 
with the curve, and show that the time course of K uptake is at any rate 


50007 
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Text-fig. 2. Uptake of Kd by a whole Carcinus nerve. The nerve was in K* Ringer throughout 
the experiment, except for the 3 min. periods in which the counts were taken. Temperature 
18° C. The open circles are theoretical values made to fit the experimental curve at 1-1 hr., 
and calculated from Y= 10,000 — 60. 


approximately that predicted by the theory. It was not worth while attempting 
to make any more detailed examination of uptake curves of this type, since too 
many variables were involved, and it would have been difficult to allow for the 
effects of variation in k with time and slowness of diffusion discussed in the 
next section. The experiments on extent of potassium exchange described later 
in this paper, in which the specific activity of the potassium in the nerves was 
measured as well as their total K, in any case provided better confirmation of 
the validity of the theory than could be obtained here. 

The leakage of potassium was correlated with a steady decline in the size of 
the action potential, which was observed in every experiment on whole nerve. 
Cowan (1934) found a similar deterioration and loss of potassium in Maia 
nerve. 

The loss of K, by resting whole nerve 

If the equations given in the theoretical section had been strictly obeyed, 
the exchange constant (k) for loss of KH in inactive Ringer would not have 
altered with time. The experiment illustrated in Text-fig. 3, in which three 
consecutive determinations of æ were made over a total period of 5 hr., showed 
that in fact * tended to decrease with time. This behaviour was apparently 
the general rule if the measurements were made under reasonably good 
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physiological conditions, and when k was determined in normal Ringer before and 
after making alterations of not too drastic a nature in the temperature or 
potassium concentration, the second value was usually the smaller. When 
was measured under conditions which might have been expected to damage the 
fibres and increase their permeability, it often changed in the opposite direction. 
Thus in potassium-free Ringer it increased slightly with time, as is demonstrated 
by Text-fig. 4. In the experiments described in the following paper (Keynes, 
1951 a) it was observed that the value of & did not alter significantly after a 
period of stimulation in normal Ringer, but did increase appreciably after the 
nerve had been stimulated in potassium-free Ringer. 
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Text-fig. 3. The loss of K, from a whole Carcinus nerve in inactive Ringer, plotted semi-logarith- 
mically. After the first and second groups of counts the Ringer in the measuring chamber was 
changnd, ond the The figure against of counts is the 
exchange constant in hours i. Temperature 18° C. 


A decrease in k with time does not necessarily mean that the value of m,/C; 
was reduced as C, fell, although a failure of m,/C, to remain constant (which it 
was assumed to be in writing equation (7)) may explain some of the alterations 
observed. Non-uniformity in the exchange constants of the individual nerve 
fibres, arising either from the wide range of fibre sizes involved, or from varia- 
tion in the membrane conductance for fibres of the same size (Hodgkin, 1947 q), 
would be expected to produce an effect of this kind, since the sum of several 
exponentials plotted semi-logarithmically is a curve whose initial slope is 
greater than its final slope. Moreover, the membrane permeability may decrease 
with time, though the observation of Hodgkin & Rushton (1946) that the 
membrane conductance tended to increase in the course of their experiments 
rather suggests that the reverse is true. Any tendency of the fibres to swell as 
they lost their potassium might also make k fall. These factors must all have 
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been affecting & to some extent, but it was not worth while investigating their 
exact relative importance. Fortunately k seldom decreased to much less than 
half its initial value during an experiment, so that the effect did not prevent 
whole nerves from giving useful results in qualitative work, although it was 
one of the reasons why it was difficult to obtain reliable figures for the absolute 
size of the potassium flux in whole nerve. 

Another possible source of error in working with whole nerve was that the 
apparent rate of exchange of ions may have been reduced below its true value 
by the slowness of diffusion between the closely packed fibres, as in frog muscle 
(Harris & Burn, 1949). When k for a very thin bundle of fibres was compared 
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Text-fig. 4. The loss of Kd from a whole Carcinus nerve in K- free Ringer, plotted semi- 
logarithmically. Temperature 16° C. 


with k for the rest of the nerve from which the bundle was taken, the values 
were 0-64 and 0-47 hr. -1 for the thin bundles, and 0-45 and 0-32 hr. 1 for the 
thick ones. This would indicate a slightly slower exchange in the large bundles, 
though some of the difference may have arisen from the smaller average fibre 
diameter in the thin bundles, which contained none of the 30x. fibres. It can 
also be seen on examining table 1 in the following paper (Keynes, 1951a) that 
thin bundles tended to give a higher exchange constant during stimulation 
than thick ones, the result obtained for the extra rate of loss of K being roughly 
doubled when the diameter of the nerve was reduced from 0-65 to 0-25 mm. 


(a t-test of the significance of the correlation gave P=0-05). Experiments with 
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Na (see below) confirmed that extracellular radioactivity was not lost very 
rapidly, but gave no figures on which calculations of the magnitude of the 
diffusion effect could be based. The question was further complicated by the 
fact that the nerves often split up into several fine strands when the connective 
tissue sheath was removed, as has happened in Pl. I; the diameter of the separate 
strands may have been more important than their total number in deciding 
how much the exchange was slowed. Hence, although the evidence suggests 
that exchange was slightly hindered by the diffusion effect, no reliable correction 
can be made for it. 

The average value of * from twenty-three experiments at temperatures 
between 14 and 22° C. was 0-49 hr. 1. This figure was not much greater than 
the average value for 30 h. fibres, which was, from Table 5, 0-37 hr. 1. The 
values of k for individual fibres must have varied over 4 much narrower range 
than their diameters, and the outward flux must therefore have been roughly 
proportional to the diameter (assuming that C, was about the same in all fibres). 
Taking C. as 270 mm. and V/A as 1-0. for the reasons discussed below, the 
average outward potassium flux in whole Carcinus nerves was estimated, 
using equation (9), to be 3-7 x 10¹ mol./cm.*/sec. However, it will be clear 
that this figure can only be very approximate. 

The fibre size distribution in Carcinus nerve 

In a whole Carcinus nerve the diameters of the fibres range from about 1 to 
30 u., as is clear in the photomicrographs shown in Pl. 1. A few measurements 
were made of the actual distribution of fibre sizes, in order to obtain some idea 
TRL 2. Fibre size distribution in part of a Carcinus leg nerve. The nerve was fixed in 0-5% 

osmic acid in Carcinus Ringer, embedded in paraffin, and sectioned transversely. Sizes of all 


the fibres which could be picked out clearly were measured with a camera lucida arrangement. 
This bundle contained a higher proportion of fibres over 8 n. than the whole nerve 


Fibre diameter (u.) No. of fibres Fibre diameter (u.) No. of fibres 
Less than 1-0 147 Less than 8 4 
1-5 123 9 
20 77 10 5 
2˙5 39 11 3 
3-0 51 13 2 
4 25 15 1 
5 11 25 1 
6 32 1 
7 2 


of the ratio of total membrane area to axoplasm volume in a whole nerve. The 
particular bundle to which the figures in Table 2 refer was not quite repre- 
sentative, since the fibres over 8 u. in diameter contributed about half the total 
cross-sectional area, whereas other measurements showed that they occupied 
only about 12% of the volume of a whole nerve trunk. Examination of other 
bundles showed a similar distribution of the smaller fibres, though in one which 
was measured the most common diameter was 2-0 instead of 1-0. There may 
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Piotomicrographs of transverse sections through Carcinus leg nerve. The nerves were fixed in 
0-5% osmic acid in Carcinus Ringer, and stained with iron haematoxylin. A, low power, 
showing a whole nerve. B, high power, showing one bundle of fibres whose diameters range 
from 1 to 30 . 
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have been a larger proportion of fibres below 1 h. than is indicated in Table 2, 
since the very small fibres were difficult to distinguish when making the measure- 
ments. The largest fibres had much the same diameters as those isolated from 
nerves in living condition, so that there cannot have been any great change in 
size during fixation and embedding. The ratio of total volume to total surface 
for the bundle of Table 2 was 1-25,., and for another bundle containing fewer 
large fibres it was 0-75. A fair estimate for V/A for the whole nerve trunk 
would be 10h. Since the extracellular space in Carcinus nerves was about 0-25 
(see below) this means that there were about 7500 sq.cm. of membrane in 1 g. 
of nerve. 
The potassium content of Carcinus nerve 

As no analyses of Carcinus nerve are reported in the literature, the sodium 
and potassium contents of some freshly dissected nerve samples were deter- 
mined by the method of activation analysis (Keynes & Lewis, 1950). For 
six nerves from different crabs the average potassium content was 257+4 
(s.z. of mean) m.mol./kg. wet weight, and the average sodium content was 
152+5 m.mol./kg. Twenty-four other analyses of the potassium content of 
Carcinus nerves by the dipicrylaminate method gave an average value of 
262 +4 m.mol./kg. Cowan (1934) and Fenn, Cobb, Hegnauer & Marsh (1934) 
found somewhat lower values in other crustacean nerves, possibly because their 
material had been soaked in sea water for some time after being dissected and 
had lost some of its original potassium. The nerves analysed here were dissected 
very quickly, and the damaged ends were always cut off immediately before the 
nerves were blotted and weighed. A maximum value for the extracellular 
space can be calculated from the sodium figure, on the assumption that the 
sodium concentration outside the fibres was the same, 495 mm., as in Ringer. 
Even if there had been no intracellular sodium, the extracellular space could 
not have been less than 152/495, or 0-31. It is more probable, by analogy with 
analyses of squid axoplasm (Steinbach & Spiegelman, 1943) and of Sepia 
axons (Keynes & Lewis, 1950), that freshly dissected fibres contain about 
40 m.mol./kg. of intracellular sodium, which would make the extracellular 
space 0-25. Fenn et al. (1934) obtained the same figure from analyses of potas- 
sium, sodium, and chlorine in crab and lobster nerves, and it should be fairly 
reliable. Taking the extracellular space as 0-25, the potassium content of the 
actual nerve fibres was 342 m.mol./kg. axoplasm, which is close to the results 
obtained for squid and Sepia axoplasm in the analyses quoted above—363 and 
325 m.mol./kg. respectively. From considerations of osmotic balance none of 
the fibres can have contained much more potassium than this. As the smallest 
fibres occupied only a small fraction of the whole nerve, they could have con- 
tained less potassium than the large ones without greatly affecting the total 
potassium content of the nerve, but it seems unlikely that they contained less 
than 200 m.mol./kg. 
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The nerves used for these analyses were weighed and stored within a few 
minutes of dissection, and therefore contained more potassium than those on 
which the measurements of K* loss were made, which had generally been 
dissected about 2 hr. earlier. A reasonable value for the potassium content 
2 hr. after dissection would be 210 m.mol./kg., making C, about 270 mm. 


The exchange of Na in whole nerve 


For qualitative experiments on potassium movements the effect of variation 
in k with time was not very troublesome, since the exchange constant could be 
determined by following the K“ loss for a relatively short period. In experi- 
ments with Na™, however, it made the results extremely hard to interpret. 


Hours 
Text-fig. 5. The loss of Na“ from a whole Carcinus nerve in normal Ringer, plotted semi- 
logarithmically. Temperature 17° C. 


Text-fig. 5 shows the loss of Na“ in inactive Ringer from a whole nerve which 
had previously been soaked for a short while in Na™ Ringer. Part of the rela- 
tively rapid initial loss of Na is certainly due to the diffusion of extracellular 
Na™ from the extracellular space, but the continued subsequent flattening of 
the curve makes it impossible to distinguish clearly between the exchange of 
intracellular and of extracellular sodium. It is instructive to compare this curve 
with the results obtained by Levi & Ussing (1948) and Harris & Burn (1949) 
for the loss of Na“ from frog sartorius muscles under similar conditions. In 
muscle, the fibre population is more homogeneous, so that the slow phase of 
loss of intracellular Na™ gives an almost straight line when plotted logarith- 
mically, and can be easily differentiated from the initial loss of extracellular 
Nan. Any tissue with less uniform fibres, such as crab nerve, is clearly un- 
suitable for quantitative experiments on sodium movements. 
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The effect of varying the external potassium concentration 

In several experiments the resting value of k was determined first in normal 
Ringer, then in Ringer containing either no potassium or some multiple of the 
normal concentration, and finally in normal Ringer again. The value of & for 
each set of counts was worked out by dividing the counts into three roughly 
equal groups, averaging the figures for the first and last groups, and calculating 
k for an exponential decay. This process, although less rigorous than the 
method of least squares, was accurate enough for these experiments, and gave 
effectively the same answer, since the scatter of the individual counts was not 


1 1 
0 1 2 3 4 
Hours 


Text-fig. 6. The effect of potassium concentration on the loss of K from whole Careinus nerve. 
Counts were taken first in normal Ringer, then in Ringer with 5 x normal [K], and finally in 
normal Ringer again. The figures against each group of counts are the values of the exchange 
constant in hours. Temperature 17° C. 


excessive. The ratio of & for altered conditions to its value in normal Ringer 
was then worked out, the two figures for normal Ringer being averaged so as 
to minimize systematic errors from variation in k with time or from irreversible 
effects produced by the abnormal solution. Even exposure to Ringer containing 
ten times the normal amount of potassium did not appear to damage the nerve, 
the average change in k after soaking in 10K Ringer being —10%, and the 
size of the action potential being effectively unaltered. In the solutions con- 
taining more than the normal amount of potassium, the extra potassium was 
additional to the usual constituents of the Ringer, and not substituted for them. 
Under these conditions there should be no shrinking or swelling of the fibres 
(Shanes, 1946). 
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The counts taken in one of the experiments are plotted in Text-fig. 6. In this 
experiment the values of z in normal Ringer were 0-47 and 0-40 hr.-*, and the 
value in Ringer containing five times the normal amount of potassium was 
1-97 hr. 1. The change in & on altering the potassium concentration was not 
immediate, but occurred with a delay of 5 or 10 min. This was observed in all 
the experiments with five and ten times normal potassium, but not in those 
with twice normal potassium, when the change in & was not large enough for 
the effect to have been easily detectable. The first count taken after changing 
the potassium concentration was therefore ignored in working out the value of k. 
Shanes & Hopkins (1948) found a very similar time lag in the change of resting 
potential of crab nerve when the external potassium concentration was altered. 
The lag may be due partly to a diffusion effect, or to an actual change in the 
permeability of the membrane to K* ions, but it seems more likely that it is 
due chiefly to the time taken to establish a new Donnan equilibrium for K* 
and CI across the membrane. On increasing the external potassium, there is 
probably some immediate drop in membrane potential due to the change in 
potassium concentration ratio, followed by a further delayed drop as potassium 
chloride diffuses into the fibres and the chloride concentration ratio falls, and 
these changes in membrane potential are accompanied by parallel changes in 
the potassium flux. 


Tann 3. The effect of potassium concentration on the rate of loss of K from whole Carcinus 
nerve. Each figure for the exchange constant in normal Ringer is the mean of two values, 
determined before and after the exchange constant with altered potassium concentration 


oor constant Ex constant Exchange 
Ratio of [K] for [K] normal for rk} altered constant 
to normal (hr.-*) 
0-30 


(hr. 1) ratio 
0 0-18 0-60 
0 0-29 0-21 0-73 
0 0-45 0-36 0-80 
0 0-46 0-41 0-90 
2 0-43 0-73 1-71 
2 0-48 0-86 1-79 
2 0-89 1-40 1-57 
2 0-33 0-56 1-71 
4 0:36 1-32 3-69 
5 0-40 2:37 5-87 
5 0-39 2.00 5-17 
5 0-44 1-97 4 

10 0-41 2-68 

10 0-35 3.11 8-88 

10 0:53 3.11 5-82 


Table 3 shows the results of all the experiments on the effect of varying the 
potassium concentration. Near the normal potassium concentration, the out- 
ward flux did not alter much when the concentration was changed, but at 
higher concentrations it followed the changes more closely. This behaviour is 
somewhat reminiscent of the relationship between resting potential and 
potassium concentration reported by Shanes & Hopkins (1948), and between 
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membrane conductance and potassium concentration (Hodgkin, 1947 b), pro- 
bably because the flux is related to both these quantities. 

The principal object in making these measurements was to verify that the 
exchange constant in high potassium Ringer was increased roughly in propor- 
tion to the concentration change. This was the case, so that in the interpretation 
of the results discussed in the following section, the exchange constant in 
2K Ringer may be taken as 1-7 times its normal value, and in 5K Ringer as 
5-1 times normal. 


The extent of potassium exchange in whole nerve 

In the type of experiment considered in this paper, the absolute value of the 
outward potassium flux could only be calculated from the exchange constant 
when the true internal potassium concentration was known. The figure taken 
for C was based on analyses of Carcinus nerve, but it should strictly refer only 
to potassium free to exchange with K, which is not necessarily identical with 
the total potassium content of the nerve. The reason for suspecting that the 
potassium might not all be freely exchangeable was that there have been several 
reports of an incomplete exchange of K* in nerve and muscle (Hevesy & Hahn, 
1941; Rothenberg, 1950). The validity of some of the earlier work has been 
questioned on technical grounds (Dean, Noonan, Haege & Fenn, 1941), and 
there are considerable difficulties in accepting the idea of ‘bound’ potassium 
(Krogh, 1946), but it nevertheless seemed necessary to determine the extent 
of potassium exchange in Carcinus nerve by a reliable method. 


Taste 4. The extent of potassium exchange in Carcinus nerve. Each figure is an average for three 
or four nerves. The first five results were obtained with nerves from one group of crabs, and 
the remaining four with nerves from another group. The percentage exchange was worked 
out by averaging the values for the individual nerves, and the standard error of the mean is 
shown 


Rate constant 
jin Time in K for entry 

K* ex oontent Exchange of K. 

(mm.) (hr.) (m.mol./kg.) of K (%) (hr. —1) 
11:3 0 — 297 — ans 

11-3 3-7 105 171 63+5 0-28 

11-3 6-3 95 124 0-24 

11-3 9-3 86 94 9142 0-26 

11:3 15-3 73 76 95+2 0-20 
11:3 0 — 260 

22-6 5-6 181 192 944.1 050 

22˙6 9-4 157 171 9343 0-29 

56:5 6-4 290 298 9742 0-53 


The experimental procedure, which involved parallel determinations of K 
and of total potassium in nerves soaked in radioactive Ringer for long periods, 
has been described in the section on ‘methods’. Each figure in the results given 
in Table 4 is an average for three or four nerves taken from four different crabs. 
All the experiments in which there was a normal potassium concentration in the 
Ringer were done with one set of crabs. The experiments with raised potassium 
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concentrations were done with another set. This method of averaging had 
the object of reducing errors due to variation between individual crabs, since 
it had been found that there was much less variation between nerves from one 
crab than between nerves from different crabs. 

The results in normal Ringer show that there was a steady decrease in the 
Ku content of the nerves after they had been soaked for about 4 hr., as had 
been found in the experiments on K® uptake already described. At the same 
time there was an even greater decrease in the total potassium content of the 
nerves, so that the specific activity of the internal potassium continued to rise. 
After 15 hr. the percentage of potassium exchanged, which was given by 100s,/s,, 
had reached about 95%. The change in specific activity followed a roughly 
exponential time course with a rate constant of about 0-26 hr. 1, as is shown 
by the figures in the last column. The last value for the rate constant was less 
reliable than the others, since analytical and counting errors became more 
important when exchange was nearly complete. 

Another less complete experiment, conducted on the same lines but at a lower 
temperature (18° instead of 25° C.), gave very similar results, the rate constant 
for the change in specific activity being estimated as 0-20 hr. 1. It was shown 
in the theoretical section that the sum of the rate constants for specific activity 
and for net potassium leakage should be equal to the exchange constant for 
loss of K in inactive Ringer. These experiments gave average values of 0-14 hr.— 
for the net leakage rate constant, and 0-23 hr. 1 for the specific activity rate 
constant. This corresponds to a calculated value for k of 0-37 hr.-', which 
is not far from the average value quoted earlier, 0-49 hr. 1. 

In Ringer containing twice and five times the normal amount of potassium, 
the exchange of K was faster. In such solutions the net potassium leakage is 
somewhat slower than in normal Ringer, as the figures in Table 4 show, so that 
the specific activity rate constant should increase by rather more than the 
factors found in the experiments described in the last section. This means that 
although the rate constant for the nerves soaked 5-6 hr. in 2 K Ringer was 
consistent with the value in normal Ringer, the other two sets of nerves gave 
results less than half as great as those expected. It is obvious from the sizes 
of the standard errors that this may have been due solely to experimental 
error, though the possibility cannot be excluded that the final 3% of the potas- 
sium was really (or apparently) slower to exchange than the rest. 

It was difficult, using this technique, to obtain trustworthy evidence about 
the behaviour of the last fraction of potassium to exchange, because of the 
inevitable errors in counting and in chemical analysis. One experiment was 
done by a method designed to reduce such errors to an absolute minimum. 
After being soaked in K* Ringer as before, the nerves were incinerated, and 
their potassium was precipitated as the dipicrylaminate. A small portion of 
the precipitate was put on a nickel dish, and its radioactivity was measured. 
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It was then washed off the dish, and the amount of dipicrylaminate present was 
determined colorimetrically. The specific activity of the potassium in the nerve 
could thus be compared with that of the original K* sample, which was 
similarly treated. This procedure gave no figure for the total potassium 
content, but enabled the proportion of potassium exchanged to be determined 
fairly accurately. Three nerves soaked for 5-2 hr. in 5K* Ringer were found by 
this method to have exchanged 97-5+0-6% of their potassium. 

The fact that the exchange never quite reached 100 % was probably caused 
by dilution of the Kd with inactive potassium, from the nerves themselves or 
present as an impurity in the sodium chloride used in making up the Ringer, 
either of which might well have reduced the specific activity by 1%. Although 
it remains possible that there is a trace of tightly bound potassium, forming not 
more than 3% of the whole, in the nerve, there can be no doubt that it is 
justifiable for the present purpose to assume that all the potassium in Carcinus 
nerve can exchange readily with K 2. 


The resting potassium flux in 30h. fibres 
In attempting to determine the absolute value of the potassium flux in 
whole nerves, the chief sources of error were the wide range of fibre sizes, the 
rapid deterioration in condition of the fibres, and the possibility that exchange 


Taste 5. The resting exchange of K“ in 30 f. Carcinus fibres. Figures bracketed together are 
independent measurements on different bundles of fibres from the same crab. The potassium 
content of the fibres was taken as 255 mm. The average half-time corresponds to the average 
of the exchange constants, and is not the average of the individual half-times. Temperature 
14-19° C. The standard errors of the exchange constants were calculated from the observed 
scatter of the counts 


Calculated 
outward 
No. of Half-time Exchange potassium 
Exp. No. of action of K loss constant ‘flux 
no. fibres potentials (u.) (hr.) (br.-*) (mol./em.*/sec.) 
53 6 6 35-9 2-21 0-31+0-02 19-7 x 10-* 
56 6 5 33-1 2-36 0-29+0-03 17-0 
57A 6 6 35-1 1-69 0-41+0-06 25-5 
57B 6 5 34:5 1-69 0-4140-03 25-0 
60A 5 5 36:1 2-17 0-33+0-01 21-1 
60B 5 4 36-5 2-33 0:30+0-02 19-4 
65A 90 8 34-6 1-96 0-35 + 0-02 21-4 
65 B 7 7 32˙9 2-51 0-28 + 0-03 16-3 
8 4 4 38-2 1-41 0-49 +0-07 33-1 
68C 5 4 31-6 1-36 0-51 +0-05 28-5 
78B 5 5 27-1 1-73 0-40 + 0-03 19-2 
Average 34-1 1-85 0-37 22-4 x 10 


was slowed by diffusion effects. These drawbacks could largely be overcome by 
working with isolated 30. fibres, whose diameter and action potential could 
be individually examined, and which were virtually in direct contact with the 
surrounding medium. Table 5 shows the results of eleven determinations of the 
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resting exchange constant for K½. The later experiments (from Exp. 65A 
onwards) were primarily concerned with the loss of K during activity, and the 
values of & given in the table are those worked out from the first periods of 
resting leakage, before the fibres had been stimulated. The exchange constants 
were all calculated by the method of least squares, on the assumption that there 
was a linear relationship between t and log, T over the period of the measure- 
ments. It was also assumed that the weight of each value of log, Y was the same, 
which would only have been perfectly true if the total number of disintegra- 
tions recorded in each counting period had been constant. But the length of 
the counting periods was generally somewhat increased as the counting rate 
fell, so that the assumption of constant weight cannot have led to any great 
errors. The standard errors of the values of k could be derived in two ways 
either from the scatter of the observed results, or from the fact that the sta ndard 
error of each determination of the counting rate was simply the square root of 
the total number of disintegrations recorded, divided by the counting time. 
The figures given in the table were calculated from the observed scatter, but 
the other method gave the same answers to within about 0-01 hr. 1 in every 
case. This confirms that the principal source of uncertainty in the determination 
of k was the statistical variation in the counting rates due to the random nature 
of the radioactive disintegration process. The standard errors ranged from +3 
to 4 15% of k, with an average value of + 9%. The exchange constants of two 
sets of fibres from one crab were always nearly equal, but this may have been 
accidental, and too few figures were available to make it worth applying a 
statistical test. It is also clear from the sizes of the standard errors that there 
was a real variation in the values of & for the different bundles of fibres. 

The potassium content of 30. fibres was investigated by a method similar 
to that used to determine the extent of potassium exchange in whole nerve. 
Fibres from two crabs were soaked in K® Ringer for periods, including the 
time taken for dissection, of between 9 and 12 hr., with an average of 10-6 hr. 
They were then mounted on forceps singly or in pairs in order to test their 
excitability; all gave good action potentials. After their lengths and diameters 
had been measured they were rinsed for 1 min. in inactive Ringer and put on 
standard mica slips so that their radioactivity could be compared with that of 
the Ringer. The average amount of potassium which had been exchanged in 
nine samples (a total of 16 axons) was 206 4 14 m.mol./l. axoplasm, with 
extreme values of 154 and 266 m. mol. /I. These fibres were evidently more nearly 
in a steady state than the smaller fibres of whole nerve, the rate constant for 
net leakage being of the order of 0-05 hr. 1. The exchange constant for loss of 
K was, from Table 5, 0-37 hr. 1, so that the rate constant for K entry was 
about 0-32 hr. 1. In 10-6 hr. 97% of the internal potassium should therefore 
have been exchanged, making the estimated value of C. 212 m. mol. I. Another 
similar but less reliable experiment was done, in which some of the fibres were 
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soaked for shorter periods in K® Ringer, so that larger corrections had to be 
made for the incompleteness of exchange. The result was, nevertheless, almost 
the same, O, being estimated as 221 m. mol. /. 

The fibres were too small for any chemical analyses to be made of their 
_ potassium content, so that no direct comparisons could be made between the 
Ka exchanged and the total potassium in the axoplasm. From the analyses of 
freshly dissected whole nerve the initial potassium content of the axoplasm was 
estimated as 342 mm., so that in 10-6 hr. the 30,. fibres must have lost about 
130 ma. of potassium, which corresponds to a net leakage of 12 mm. hr. The 
measurements of & listed in Table 5 were made on average 7 hr. after beginning 
the dissections, so that in order to calculate the absolute size of the outward 
potassium flux C, was taken as 255 mm. This leads to an average result 
of 22x 10 -mol./em.*/sec. at a temperature of 17° C. A net leakage of 
12 m. hr. in a 34 h. fibre would correspond to a net outward potassium 
current of 3 x 10 mol./cm.*/sec., so that the inward potassium flux was about 
19 x 10 mol./cm.*/sec. The net outward potassium current was thus only 
about one-seventh as great as the flux of ions moving in either direction. 


: The temperature coefficient of potassium exchange 

The temperature coefficient of the potassium flux in whole nerves was 
determined by measuring & first at room temperature, then 10° C. lower, and 
finally at room temperature again. In two of the experiments the order of 
temperature changes was reversed. The first and last values of k were averaged 
in order to reduce as far as possible any systematic errors due to variation of k 
with time, and the Oio was then calculated. The average result from six experi- 
ments was 2°18 + 0-13. 

Five determinations of the Oio were made for 30 f. fibres. Only two measure- 
ments of k were made in each experiment—one at room temperature, and 
another about 10° C. lower. The exchange constant should vary less with time 
than for whole nerves; any decrease during the experiment would make the 
result too high. The average result was 1-70 + 0-21. 

It would be unwise to attach too much significance to these results, since it 
was impossible to determine the Q,,’s very accurately, chiefly because the 
standard error of k at the lower temperature was always rather large. Applica- 
tion of a t-test shows that the coefficients for 30. fibres and for whole nerve do 
not in fact differ significantly (P = 0-08). 


| Radiation effects 
Some of the experiments with 30. fibres required K. samples of high specific 
activity, and since the fibres were soaked in K Ringer for several hours they 
received appreciable doses of radiation. On several occasions the radioactivity 
of the Ringer was about 4 mcuries/l. Mullins (1939) found that the rate of 
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penetration of Na into Nitella cells was reduced if the radioactivity of the 
medium exceeded 1 mcurie/]. It was therefore necessary to make sure that the 
irradiation undergone by the Carcimus nerves did not affect them adversely. 

Pairs of nerves soaked in dishes of K Ringer with different specific activities 
showed no appreciable difference afterwards in their excitability or rate of loss 
of K, but only large effects could have been detected. A better test was pro- 
vided by irradiating nerves with 218 kV. X-rays for an hour while they were 
soaked in K Ringer, and then comparing their action potentials and exchange 
constants with those of controls. Even a dose of 2000 r. had no apparent effect. 
It can be calculated from the formula given by Evans (1944) that 4 mcuries/]. 
of K g. radiation corresponds to a dose rate of about 10 r./hr., so that the 
intensity of radiation in all the experiments with K® was safely below the level 
at which the nerves might have been damaged. This is confirmed by the 
finding of Rothenberg (1950) that the penetration of Na“ into squid axons was 
only slightly increased by 50,000 r. of X-rays, although 125,000 r. produced 
a fairly large effect. 

DISCUSSION 

There is general agreement that nerve membranes are relatively permeable to 
K ions, and that the resting membrane potential is at any rate partly due to 
the difference in potassium concentration between the inside and outside of the 
fibres (Ussing, 1949). It follows that there must be a dynamic rather than 
a static equilibrium across the membrane, and the existence of a continuous 
flux of K* ions, passing in and out through the membrane, which these experi- 
ments reveal, is therefore not unexpected. The evidence presented here is 
consistent with the view that potassium is able to traverse the membrane 
passively, with no driving forces other than concentration and potential 
differences. 

As far as whole nerve is concerned, it is not possible to support this assertion 
by any quantitative arguments, but the observations on 30 f. fibres enable 
a useful comparison to be made between potassium flux and membrane re- 
sistance. The electrical conductance of the surface membrane depends on the 
ease with which ions can pass through it, and is therefore directly related to 
the ionic flux as measured with radioactive tracers. The current which must be 
drawn through the membrane when the conductance is measured is carried by 
several different types of ion, whose contributions to the total conductance 
depend on their separate permeability coefficients and concentrations. A com- 
plete correlation between conductance and flux cannot be made until the 
fluxes of all the ionic species have been determined, and until it has been 
decided whether the whole of the flux in each case is due to the passage of free 
ions. A sodium flux due to the operation of an exchange diffusion mechanism 
of the type proposed by Ussing (1949) would not, for example, contribute to 
the conductance, and a sodium pump mechanism or sodium entering by the 
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type of carrier system discussed by Hodgkin, Huxley & Katz (1949) might 
even contribute a negative conductance. In the meantime, Hodgkin & Katz 


_ (1949) suggested from their data on squid axons that about half the membrane 


conductance is due to K ions, and it is worth seeing whether this is also true 
for Carcinus axons, which may reasonably be expected to behave in a similar 
way since, as has been shown here, the ionic concentration differences across 
the membrane are roughly the same. 

It can be shown that for a fibre in ionic equilibrium with its surroundings 


RT 
= Gr, 


where m is the resting potassium flux determined with Ku, and Gx is the 
component of the membrane conductance due to current carried by K* ions. 
The derivation of this expression, which is due to Hodgkin & Huxley (1951), 
will be discussed more fully in a later paper (Keynes, 19516). It has a general 
validity in that it can be derived without making any assumptions as to the 
distribution of electric field across the membrane, but it applies only to the 
movements of ions along electro-chemical gradients, and is not valid, except in 
certain circumstances, for the passage of substances in combination with a 
carrier. No excised tissue is quite in a state of ionic equilibrium, but for isolated 
Carcinus fibres it has been seen that the net outward potassium current was 
only one-seventh of the total resting potassium flux, so that in this case the 
assumption that there is an ionic steady state will not lead to any serious 
discrepancies. 

At 17° C. the value of RT/F is 25 mV., and RT / T2 is therefore 2-6 x 10-’. 
The resting outward potassium flux in 30y.Carcinus fibres was 22x 10-™ 
mol./cm.*/sec., so that 
6 22 x 10-"2 

52-6 x 10-7 


The membrane resistance of 30 f. fibres was estimated by Hodgkin (1947 a) as 
7500 ohm. em. A, corresponding to a total conductance of 13-3 x 10 mho/cm.?. 
Katz (1948) found a rather higher conductance for the same fibres, his 
average value being 30-6x10-* mho/cm.*. The calculated figure for the 
potassium conductance therefore lies between 0-28 and 0-64 of the total 
conductance. Although lack of information about the fluxes of other ions makes 
it impossible to extend this comparison any further at present, it is at least 
satisfactory to find that the potassium flux is of the order expected from 
electrical measurements. The similarity of the effects of external potassium 
concentration on membrane conductance (Hodgkin, 19476) and on potassium 
flux also supports the idea that K* ions make a large contribution to the 
conductance. 

The finding of greatest practical interest was that there were no large 
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quantities of tightly bound potassium in crab nerve. This already seemed 
unlikely from considerations of osmotic balance (Boyle & Conway, 1941) and 
of the sizes of resting and action potentials (Hodgkin & Katz, 1949), which 
suggest that all the intracellular sodium and potassium in nerve and muscle 
must be freely ionized. Moreover, the intracellular potassium would probably 
exchange fairly rapidly with intracellular K ions even if it were combined 
with an organic compound. Thus in bacteria, which appear to retain their 
potassium in chemical combination rather than by a selectively permeable 
membrane, the internal potassium exchanges completely with K in a few 
minutes when the cells are metabolizing normally (Roberts, Roberts & Cowie, 
1949; Eddy & Hinshelwood, 1950). Potassium combined in this way would not 
behave as ‘bound’ potassium in the sense intended by those who have found 
an incomplete exchange of K® in tissues. In any case, the experiments of 
Rothenberg (1950) on squid axons, which are the only evidence of an incomplete 
exchange of potassium in invertebrate nerves, are not really conclusive. It is 
obvious from the theory of exchange discussed earlier that in a cell for which 
the outward potassium flux exceeds the inward flux, the total radioactivity 
taken up in a medium containing K“ ceases to increase when the ratio of 
internal to external specific activity becomes equal to the ratio of inward to 
outward flux, since the cell is then gaining and losing K® at equal rates. In 
whole Carcinus nerves, for example, it is shown by Text-fig. 2 and Table 4 that 
the total K content reached a peak when exchange was only about half com- 
pleted, so that the outward potassium flux must have been about twice as great 
as the inward flux. In squid axons the resting membrane potential is much 
lower than the theoretical potassium diffusion potential, so that there is a large 
net leakage of potassium, and the outward flux is probably at least four or five 
times as great as the inward flux (Hodgkin & Katz, 1949; Keynes, 19515). 
Rothenberg’s report that uptake of K ceased when only 25 mm. of the internal 
potassium had been exchanged is therefore not proof that the rest of the intra- 
cellular potassium was unable to exchange. Furthermore, he found that when 
the external potassium concentration was doubled, the axons exchanged over 
50 ma. of potassium in 80 min. The curve drawn through the experimental 
points was made to flatten off at this level, but it is evident from the results 
that the total K in the axoplasm was actually still rising. The axons can only 
have contained about 200 mm. of potassium, since they readily exchanged 
180 ma. of sodium, and the sum of sodium and potassium contents of squid 
axoplasm is less than 400 mu. (Steinbach & Spiegelman, 1943; Keynes & 
Lewis, 1950). Rothenberg’s results are thus not inconsistent with the evidence 
presented here that all the intracellular potassium is free to exchange with 
K. 

The only recent evidence for the existence of bound potassium in muscle is 
that Wesson, Cohn & Brues (1949) found two phases of exchange of K in 
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chick embryo muscle cultures. It is perhaps worth suggesting that this may 
have been due to the presence of cells whose individual time constants covered 
quite a wide range, rather than to the existence of two intracellular potassium 
fractions. In experiments involving large numbers of cells there is likely to be 
some variation in the exchange time constants of individuals, even when they 
are uniform in size, and it is therefore dangerous to attribute deviations from 
a perfectly exponential exchange to such factors as the existence of two forms 
of the substance being investigated, until it has been made certain that the cell 
population is really homogeneous. 


SUMMARY 


1. The passage of K* ions through nerve membranes was studied under 
various conditions by measuring the rate of change of K* content in nerves 
mounted over a Geiger counter in inactive Ringer’s solution. 

2. In whole Carcinus leg nerves accurate interpretation of the results was 
impossible, owing to the wide range of fibre sizes, and the rapid net leakage of 
potassium from excised nerves. The rate constant for loss of Kd in inactive 
Ringer was 0-49 hr. 1, corresponding to a half-time of 1-4 hr. 

3. Analyses showed that whole nerves contained 260 m.mol. K/kg. wet 
weight and 152 m. mol. Na/kg. The extracellular space was estimated as 0-25, 
and the initial potassium content of the axoplasm as 342 m.mol./kg. 

4. More exact results were obtained by working with bundles of about six 
isolated 30 f. axons. These had a rate constant for K. loss of 0-37 hr. 1. Fibres 
soaked for 10-6 hr. in K Ringer exchanged 206 m. mol. K /I. axoplasm. The 
potassium fluxes were estimated as 22x 10 mol./cm.?/sec. outwards and 
19 x 10-™ mol./cm.?/sec. inwards. 

5. The rate of loss of K* from whole nerves was roughly proportional to the 
external potassium concentration, except that in K-free Ringer it was only 
reduced to about three-quarters of its value in normal Ringer. 

6. Parallel determinations of K exchanged and of total K content in whole 
nerves soaked for long periods in K Ringer showed that at least 97% of the 


_ intracellular potassium could exchange readily with K“. 


7. The Q,, for loss of K* in inactive Ringer was 2-18 + 0-13 (six experiments) 
for whole nerves, and 1-70 + 0-21 (five experiments) for 30. fibres. 

8. Control experiments showed that the nerves were not appreciably affected 
by the doses of radiation which they received in the course of the experiments. 

We are indebted to Mr A. L. Hodgkin and to Mr A. F. Huxley for much help and advice in the 


course of this work. The expenses were met by a grant from the Rockefeller Foundation, to whom 
we wish to express our gratitude. 
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THE LEAKAGE OF RADIOACTIVE POTASSIUM 
FROM STIMULATED NERVE 


By R. D. KEYNES 
From the Physiological Laboratory, University of Cambridge 
(Received 14 July 1950) 


There are good reasons for believing that the energy for the transmission of the 
nervous impulse is derived from the exchange of a small amount of sodium and 
potassium across the nerve membrane (Hodgkin & Katz, 1949). Most of the 
evidence, however, has been obtained from studies of the electrical behaviour 
of nerve membranes and, although experiments of this type are the only means 
by which the transient events of the single action potential can be investigated, 
they do not usually provide unambiguous information about the accompanying 
or causative ionic movements. The conclusions drawn from them therefore need 
to be confirmed by more direct methods. It was shown some years ago (Cowan, 
1934) that Maia nerve lost an appreciable quantity of potassium when stimu- 
lated to fatigue, and a similar potassium leakage has been demonstrated in 
medullated nerve (Arnett & Wilde, 1941). There is also some evidence of a loss 
of potassium and gain of sodium in active muscles (Fenn, 1940). None of these 
experiments proved conclusively that there was always a leakage of potassium 
during activity, since the potassium observed to escape from the nerves might 
have come only from those fibres which had been reduced to a state of complete 
exhaustion. Nor did this work give any reliable indication as to the magnitude 
of the effect. Hodgkin & Huxley (1947) used the dependence of the membrane 
resistance of Carcinus axons on the external potassium concentration to make 
a more accurate measurement of the amount which leaked out during the 
impulse, While their method was free from the objection that the leakage might 
have been due to total fatigue of the axon, it was indirect; and they were un- 
able to exclude the possibility that the substance which accumulated outside 
the axon during stimulation was not potassium, but something else which 
affected the membrane resistance in a similar fashion. 

In the preceding paper (Keynes & Lewis, 1951 a) a method was described for 
studying the passage of potassium through nerve membranes with the aid of 
the radioactive isotope K*. This technique offered the prospect of measuring 


the potassium leakage during activity in a way which was not open to any of the 


criticisms which could be made of the earlier work. The object of the experiments 
7-2 
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considered here was to determine the effect of stimulation on the inward 
and outward movement of K in Carcinus nerves. The method was sufficiently 
sensitive to be applied to bundles of isolated 30. fibres, so that the results 
were directly comparable with those of Hodgkin & Huxley (1947), and were, 
in fact, as has already been briefly described (Keynes, 1948, 1949), in close 
agreement with them. In addition, measurements were made on whole 
Carcinus nerves which provided qualitative confirmation of the results obtained 


with 30 f. fibres, and enabled comparisons to be made with Cowan’s (1934) 
results. 

METHOD 
The method of dissecting and mounting the nerves, of preparing the radioactive solutions, and of 
measuring the rate of exchange of K* has already been discussed (Keynes & Lewis, 1951a), and 

In most of the experiments only the rate of loss of K, was determined. The nerves were allowed 
to accumulate some K., either by soaking in K* Ringer after dissection, or, in the case of the 30 f. 
fibres, by performing the dissection in K* Ringer. They were then mounted in the measuring 
chamber with their ends insulated in a layer of paraffin oil, and a series of counts was taken with 
the fibres alternately resting and stimulated at rates between 10 and 50 impulses/sec. The number 
of action potentials obtained during each period of stimulation was carefully noted. When the 
radioactivity measurements were complete, the diameters of the fibres were measured as before. 

In order to determine the effect of stimulation on the rate of uptake of K, nerves were dissected 
in the usual way in a dish of inactive Ringer, and mounted on forceps with the glass hooks in 
position. A small dish of K** Ringer was placed so that the nerves could be dipped in it and then 
moved quickly into the chamber. The procedure was to immerse the central part of the nerve in 
radioactive Ringer for a short while (2-5 min.), keeping the forceps and about 3 mm. of the fibres 
at either end in the air, and lowering them momentarily into the Ringer once every 20 sec. to 
prevent the fibres from drying up. The nerve was then rinsed for 1 min, in another dish containing 
inactive Ringer, and transferred to the chamber to determine the amount of K** which had entered 
the fibres, several counts being taken while it leaked out into inactive Ringer. The process was 
repeated with the nerve stimulated while it was in the radioactive Ringer, and again with the nerve 
alternately resting and stimulated. As long as the nerves were moved quickly between the different 
vessels they survived this treatment quite well. 

Some further experiments of this type were also done using an improved version of the measuring 
chamber, developed for later work with Sepia axons (Keynes, 1951). This apparatus gave rather 
more reproducible results, and could be calibrated by taking counts for capillaries filled with K“: 
Ringer and placed over the Geiger counter instead of the nerve, in order to determine the amount 
of K corresponding to an entry of 1 count/min. The experimental procedure was exactly the same 
as before, except that the rinse in inactive Ringer was omitted, since in the improved chamber 
fresh inactive Ringer flowed continuously past the nerve and away into a waste bottle, washing 
off all extracellular radioactivity. 

The rates of stimulation were determined either by comparison with the 50 cyc./sec. mains supply 
on an oscilloscope, or by connecting one of the scalers to the stimulator, and using it to count the 
number of shocks delivered per minute. 


RESULTS 
The loss of K from whole nerve in normal Ringer 
The first step was to find how much the rate of loss of K into inactive Ringer 


was altered by stimulation. The results of two typical experiments, on a whole 
Carcinus nerve and on a bundle of seven 30 h. fibres, are shown in Fig. 1. In 
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whole nerves the exchange constant (or rate constant for Ku loss—see Keynes 
& Lewis, 19514) was more than doubled by stimulation at 10 imp./sec. In 30. 
fibres the increase was about the same when all the fibres in the bundle were 
conducting impulses—in Fig. 1 the rate of loss of K was tripled by stimulation 
at 16-7 imp./sec. As can be seen from the figure, the increase in exchange con- 
stant was roughly proportional to the rate of stimulation. 


Stim. 12:3/sec. 


> 
Stim. 167/sec. 
All fibres 
conducting 


Stim. 50/sec. 
200 F 5 of 7 fibres 
conducting 
100 j i 1 
0 1 3 
Hours 


Fig. 1. Leakage of K from Carcinus nerve during stimulation in normal Ringer. A, whole nerve; 
B, a bundle of seven 30 f. fibres. Temperature, 16° C. 


The results obtained in a number of experiments on whole nerves are sum- 
marized in the first section of Table 1. Although the nerves were only stimulated 
at fairly low rates, the action potential always declined considerably during the 
period of stimulation, often to half or one-third of its original size. This was due 
partly to complete fatigue of some of the fibres, and partly to their tendency to 


block at the higher rates of stimulation when their condition had begun to 


deteriorate, The action potential of a whole Carcinus nerve was very irregular 
and long drawn out, owing to the wide range of fibre sizes, so that it was im- 
possible to make any reliable estimate of the exact proportion of fibres actually 
conducting impulses at any time. Calculation of the extra rate of K leakage 
caused by stimulation could therefore only be done on the assumption that it 
was the same for all the fibres. The exchange constant for each period was 
obtained by the method of dividing the counts into three groups, and calculating 
k from the average of the first and last groups. The exchange constant per 
impulse, ktm, was then worked out by subtracting the average resting & for 
the periods before and after stimulation from the value of & during stimula- 
tion, and dividing the result by the number of impulses conducted per hour. 
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kum, thus represents the fraction of the total internal potassium which moves 
outwards during a single impulse, and has dimensions impulse. It is justifiable 
to treat the exchange constants in this way, since they are directly proportional 
to the outward fluxes (Keynes & Lewis, 1951a) and may therefore be regarded 


Tasiz I. Leakage of K from whole crab nerve during activity. Measurements were made with 
the nerves alternately resting and stimulated, and the results are given in the order in which 
they were obtained. The temperature was between 15 and 18° C. The nerve diameters were 
calculated from their lengths and weights. The average length was 32 mm. The exchange 
constant per impulse was calculated after subtracting the average resting exchange constant 


Exchange constants 
during stimulation 
Mean constants A constant 
Exp. diam. with nerve resting _k Stim. rate per 
No. (mm.) (hr.*) (hr.-*) (imp./sec.) (imp.-*) 
(a) In normal Ringer 

66A 0-25 0-42, 0-48 1-27 10 23x 10 
66B 0-26 0-29, 0-33, 0-35 1-13 12:3 19 

0-79 5 2-5 
66C 0-20 0-54, 0-48 1-13 10 1-7 
67A 0-58 0-32, 0-34, 0-35 0-53 5 1-1 

0-74 14-2 0-8 
67B 0-41 0-25, 032 1-28 10 2-8 
67C 0-72 0-33, 0-38 0-61 10 0-7 
70A 0-29 0-38, 0-37, 0-32 0-82 8-4 15 

0-61 8-3 0-9 
Average 0-37 — — 16x 

(6) In potassium- free Ringer 

724 0-65 0-21, 0-34 0-68 8-3 1-4x 10 
72B 0-66 0-19, 0-39 1-12 8-3 2-8 
79A 0-30 0-53, 0-64 2-26 12-4 3-7 
79C 0-36 0-31, 0-59 1-23 12-4 1-7 
81A 0-72 0-15, 0-29, 0-37 1-31 12˙5 2-4 

0-95 16-7 10 
Average 0-37 — — 2˙2 * 10 


as additive. In normal Ringer the average stimulation exchange constant for 
whole nerve was 1-6 x 10-5 imp. 1. Taking the potassium content of the nerve 
fibres as 270 mm., and the average volume/surface ratio as 1-Ou. (Keynes & 
Lewis, 1951 a), the extra potassium exchanged or lost during activity was hence 
estimated as 1-6 x 109 x 1-0 x 10-* x 270 x 10-* = 0-4 x 10-1 mol. / em. / imp. As 
in the determination of resting flux in whole nerves, it is clear that this 
figure can only be very approximate, and since many of the fibres certainly 
did not conduct impulses when they were stimulated, it is undoubtedly lower 
than it should be. 

In view of the unavoidably qualitative nature of experiments with whole 
nerves, the exact extent of the uncertainty in the results due to statistical 
counting errors was not calculated. The experiments were done with slightly 
higher counting rates than those on 30 fl. fibres discussed below, so that the 
standard errors of the individual values of æ were of the order of + 10%. The 
variation in the successive resting values of & in each experiment was therefore 
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not statistically significant, but the increase in k caused by stimulation was 
certainly significant. The standard errors of the final results for the exchange 
constant per impulse were about + 15%, so that there was a significant differ- 
ence between the results for individual nerves. However, it was impossible to 
tell whether this was due to a real difference between animals, or whether it 
merely reflected a variation in the condition of the nerves. In the cases when 
one nerve was stimulated twice, the exchange constant per impulse was the 
same at the two different frequencies to within experimental error. 


Tant 2. The leakage of K from 30 fl. Carcinus fibres during activity. The exchange constants 
were determined in the order shown, with the fibres alternately resting and stimulated. The 
figures for C, and the potassium exit represent a lower limit to the correct answer, and were 
worked out as described in the text. Temperature 14-19 C. The standard errors of the exchange 
constants were calculated from the standard errors of the individual counts 


Stim. 
No. Mean Exchange rate No.of Mean Exit of 
. of diam. constant (imp. action | a C; potassium 
no. fibres (x.) (hr.-*) sec.) potentials (imp.) (mol./om.*/imp.) 


In normal Ringer 
65A 9 34-6 0-35 + 0-02 


4-50 + 0-28 50 4 23x 10 209 42x 10-4 
0-24+0-04 
2-21+0-09 16-7 5 3-3 137 3-9 
0-23 + 0-03 
6B 7 32909  $028+40-02 
0-88 + 0-04 16-7 7 10 204 1-7 
0-23 + 0-02 
3-1440-25 50 5 1-6 148 1-9 
0-23 + 0-02 
6B 4 382 0-49+40-06 
0-86 + 0-17 8-3 4 16 224 3-4 
0-28 + 0-06 
2724029 50 2 13 180 2-2 
0-35 4 0-04 | 
r 783 5 271 
1-02+ 0-08 16-7 + 1-1 209 1-6 
0-33 0.06 
* Average 33˙2 0-31 (resting) 1-7x 10° 187 2˙7 * 10 
3 (b) In potassium-free Ringer 
8 778 5 29-4 0-27+40-03 
8 1-48+0-14 25 3 13x 10 181 1-7x 10 
y 0-29 + 0-03 
77C + 28-8 0-24+0-02 
Tr 2-07 4005 25 3 19 152 2-1 
0-50 +0-04 
78K 6 28-3 0-36 4 0˙04 
le 2264014 25 4 2-0 18 202 
al Average 28-8 (resting) 117x105 163 2-0 x 10 
y 
ne The loss of K* from 30. fibres in normal Ringer 
ie Table 2 gives the results of several similar experiments with bundles of 30 f. 


re fibres. Again the fibres tended to block when stimulated at the higher rates, 
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so that a bundle sometimes gave more action potentials when tested at 1 imp./ 
sec. than it did during a period of stimulation at 25 imp./sec., and occasionally 
one or more action potentials dropped out altogether in the middle of an 
experiment, or one fibre began to miss every other impulse. With more than six 
fibres in the bundle it also became difficult to decide exactly how many action 
potentials there were at any moment. The figures given in the table for the 
number of fibres conducting impulses during stimulation represent an average 
for the whole of each period. They should be fairly reliable, but are more likely 
to have been over- than under-estimated. 

When all the fibres in the bundle were conducting impulses, as was the case 
during the first period of stimulation in the experiment (Exp. 65 B) illustrated 
in Fig. 1, the procedure for working out the results was quite straightforward. 
The counts at the beginning and end of the period of stimulation were obtained 
by applying the method of least squares to the logarithms of the two sets of 
counts taken with the nerve resting, before and after stimulation. This also 
gave two values for the resting exchange constant. Knowing the total time for 
which the fibres were stimulated, and assuming that the count was reduced 
exponentially, the exchange constant during stimulation could then be calcu- 
lated. The exchange constant per impulse, k,;,,, was obtained in the same 
way as for whole nerves, by subtracting the average resting k, and dividing by 
the number of impulses conducted. When some of the fibres in the bundle were 
not conducting impulses the procedure had to be slightly modified. It was 
assumed that the blocked fibres continued to lose K at the normal resting rate 
during the period of stimulation, and that the K® was initially distributed 
uniformly among all the fibres. Thus, for the second period of stimulation in 
Exp. 65B (see Fig. 1), the figures were: 


Initial count = 398 counts/min. = 57 /fibre, 
Final count = 300 counts / min. 
Duration of stimulation =0-13 hr. 


Average resting k=0-23 hr.- 
Five out of seven fibres were conducting 50 imp./sec. Then 
300 =5 x +. 2 x BT 


where & is the exchange constant for the stimulated fibres. The value of k’ was 
found to be 3-14 hr. 1, and the exchange constant per impulse was given by 


3°14 —0-23 


= 1-6 x 10-5 imp. 


— 50 x 3600 

The counts taken during stimulation were not used in working out the results, 
but provided a useful check on the accuracy of the other measurements. On 
one occasion, when the standard errors were rather larger than usual, the 
counts during stimulation did not agree well with the values calculated from 
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the resting counts, and the experiment was therefore rejected as unreliable. 
When some of the fibres were inexcitable, the K u loss curve during stimulation 
was the sum of two different exponentials, and should not have given a straight 
line when plotted logarithmically against time. But statistical counting errors 
were too great, and the periods of stimulation were too short, for this effect to 
show up clearly. When there were some inexcitable fibres for both periods of 
stimulation, it was not strictly legitimate to assume that the K contents of 
the fibres were all equal at the beginning of the second period, but there were 
too many other sources of uncertainty in the experiments to justify a more 
elaborate procedure. In any case only one of the experiments was affected by 
this objection. 

Most of the uncertainty in the results arose from the unavoidable random 
fluctuation in the counting rates. Since the standard error of each determina- 
tion of the counting rate was given by the square root of the total number of 
disintegrations recorded (including the background), divided by the counting 
time, the standard error of each resting value of k, and hence of the values 
during stimulation, could easily be calculated, giving the figures shown in 
Table 2. The average standard error of the values of ,um. was + 9%, so that 
the variation between individual nerve bundles was certainly significant. 
Taking each experiment by itself the decrease in the successive resting values 
of k was barely significant, but as it was observed in every case it was probably 
a genuine effect. It may have been caused by variation between the exchange 
constants of the individual nerve fibres. 

In order to calculate the actual amount of potassium lost or exchanged during 
activity, it is necessary to assume a value for C., the potassium concentration 
in the fibres. It has been shown in the preceding paper (Keynes & Lewis, 1951 a) 
that fibres soaked in K Ringer for 10-6 hr. contained 212 m. mol. K /. axoplasm, 
and that the net leakage rate was about 12 mx. hr. The experiments considered 
here were done at an average time of about 8 hr. after beginning the dissection 
of the nerve, so that the initial potassium content of the fibres may be taken as 
240 ma. As will shortly become apparent, there was in fact a net loss of potas- 
sium during stimulation, so that the mean value of C, must always have been 
appreciably less than 240 mm. The figures given in Table 2 were worked out by 
assuming that during activity the potassium content was reduced in direct 
proportion to the amount of K lost, and that there was no potassium re- 
absorption during the resting periods. In the first stimulation period of Exp. 65 B, 
for example, the counting rate was reduced from 725 to 505 counts/min., and 
O, was therefore taken as 240 x (725 + 505)/2 x 725, or 204 mm. The values for 
the other experiments were obtained in a similar way. This procedure gives 
a lower limit for C., and leads to an average result for the potassium exit 
of 2.7 10 mol. / em. / imp. An upper limit may be obtained by taking C. 
as 240 mi. throughout each experiment, which gives an average result of 
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3-6 x 10 mol. em. / imp. Later work (see below) showed that about four-fifths 
of the K lost during activity represented a real loss of potassium, so that the true 
answer probably lies closer to the lower limit than to the upper. A reasonable 
final figure for the estimated potassium exit would be 2-9 x 10 mol./cm.*/imp. 


Controls on the effect of applied current flow 

It is necessary to be sure that the increased loss of K® during stimulation was 
not due merely to the flow of applied current at the point where the nerve was 
stimulated, which was effectively at the oil-water interface. No control experi- 
ments were done with 30,. fibres to show that stimulation had no effect on K 
loss when there were no action potentials, but on several occasions it was 
observed that when a whole nerve had: become almost or wholly inexcitable, 
stimulation did not alter the exchange constant even when maximal shocks 
were applied at a frequency of 50/sec. The distance between the two glass 
hooks which held down the central part of the nerve when it was mounted in 
position over the Geiger counter was almost always greater than the width 
(19 mm.) of the mica window, so that the ends of the fibres were screened from 
the Geiger counter by the brass stage. The space constant for electrotonic 
spread of potential in 30 h. Carcinus fibres mounted in a large volume of 
Ringer is 2-5 mm. (Hodgkin, 1947), hence there cannot have been large currents 
flowing in the part of the nerve which was actually over the window. The 
screening of that part of the fibres which was in oil was also important because 
K could not have escaped from the ends except by relatively slow longitudinal 
diffusion. If the whole of the nerve had been over the window, the apparent 
rate of loss of K would have been somewhat less than its true value. 


The loss of K, in potassium-free Ringer 

The increased loss of K during stimulation in normal Ringer might have 
been due either to a greater rate of exchange of potassium, with K“ ions 
crossing the membrane in both directions faster than usual, or to a net leakage 
of potassium. The experiments were repeated in potassium-free Ringer, in 
which, as can be seen in Fig. 2, there was a very similar loss of K. The results 
were worked out in the same way as before, and are given in the second sections 
of Tables 1 and 2. In potassium-free Ringer there could have been no movement 
of potassium back into the fibres, and activity must have been accompanied by 
a net leakage of potassium. This made it seem likely that there was also a net 
leakage of potassium rather than an increased exchange during stimulation in 
normal Ringer, but it was not definite proof, because there was no evidence to 
eliminate the possibility that there was a subsequent reabsorption of potassium 
under normal conditions. Clearly, however, there was always an outward 


movement of potassium during activity, and its . reabsorption was 
not essential to a continued . of impulses. 
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In Potassium- free Ringer the actual potassium content of the fibres was 
certainly reduced in proportion to the amount of K lost, so that the figures 
for C, in Table 2, which were calculated for an initial potassium content of 
240 mx. on the same basis as before, should be fairly reliable. The average value 
of the potassium exit was 2-0 x 10 mol./cm.?/imp., but as so few experiments 
were done it does not actually differ significantly from the result in normal 
Ringer (P=0-3). For whole nerve the average exchange constant per impulse 
was slightly greater in potassium-free Ringer than in normal Ringer, but again 
the difference was not statistically significant (P =0-2). 

2000 
4 Stim. 83/sec. 


1 1 


800 

600 

400 

200 1 i 
0 1 2 3 


| Hours 
Fig. 2. Leakage of K* from Carcinus nerve during stimulation in K- free Ringer. A, whole nerve, 
temperature 15° C. B, a bundle of four 30 f. fibres, temperature 18° C. 
The effect of stimulation on K® entry 

The final step was to find whether there was normally an appreciable inward 
movement of potassium during activity, by comparing the rates of uptake of 
Ks in resting and stimulated fibres. The experimental procedure has already 
been described (see ‘method’); the counts taken in one of the later experiments 
(Exp. 232 B) on a bundle of 30 fl. fibres are shown in Fig. 3. The extrapolated 
counting rates at the ends of the periods in K Ringer were calculated by 
applying the method of least squares to each group of counts. This gave both 
the total counting rate at the end of the dip, and the counting rate due to K 
already in the axoplasm at the beginning, which could then be subtracted in 
order to obtain the increment in radioactivity resulting from the dip. The time 
constant of exchange was much longer than the period of immersion in K 
Ringer, so that the amount of K* which entered the fibres was directly pro- 
portional to the inward potassium flux; even during stimulation, when exchange 
was faster, the error in the inward flux involved in thus ignoring the exponential 
nature of the exchange process was less than 10%. During the periods of 
stimulation in the radioactive Ringer rather more of the K* initially present in 
the fibres was lost than during the resting dips. This was allowed for, as is 


indicated by the dotted line in Fig. 3, by multiplying the initial count by 
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a factor calculated from the average value of the appropriate stimulation 
exchange constant given in Table 1 or 2. Thus for a bundle of 30 ,. fibres in 
which all were excitable, stimulated at 50 imp./sec. for 2 min., the correcting 
factor was exp. — 1-7 x 10-* x 50 x 120), or 0-90. 


s $388 
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Fig. 3. Effect of stimulation on uptake of K* by a bundle of seven 30 f. Carcinus fibres. The fibres 
were immersed in K* Ringer for periods of 4 min., and counts were then taken in inactive 
Ringer in the usual way. During stimulation five of the seven fibres conducted impulses. The 
increments of radioactivity were given by the distance between the arrows. Temperature 18° C. 

TBL 3. Effect of stimulation on entry of K* into whole Carcinus nerves. The figures in brackets 
in the final column show the estimated increase in Kd entry at the higher rate of stimulation, 
and were used in working out the overall average. Exps. 120 A and B were done in an artificial 
sea water containing 9-8 mm. of K, and not in Carcinus Ringer. Temperature 14-20° C. 


1 Increments of radioactivity 
en — 
resting resting stimulated Stimulation Mean ratio of 
Exp * (counts/ / rate entry 
no. (hr. in.) (imp. /sec.) stim./resting 
70 1-05 93 149 50 1-47 
120 125 
101 185 
71A 0-71 47 119 50 2-02 
71 119 3 
120A - 0-29 53 92 27-5 1-72 
(50 2-31) 
51 
120B 0-34 49 70 25 1-41 
50 (50 1-82) 
234A 0-53 479 569 50 1-42 
321 
234B 0-51 457 427 50 1-27 
258 353 
208 


Table 3 shows the increments in radioactivity, calculated in this way, for six 
experiments on whole nerves. After allowing for the low rate of stimulation in 
Exps. 120A and B on the assumption that the extra entry of potassium was 
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directly proportional to the stimulation frequency, it was found that on average 
the effect of stimulation at 50 imp./sec. was to increase the K entry to 1-72 
times its resting value. It can be seen from Table 1 that the corresponding 
change in the rate of loss of K would be to 8-8 times its resting value, which 
makes it at once obvious that the movement of potassium during activity must 
be largely in an outward direction. The inward potassium movement may be 
relatively even smaller than these figures would suggest, since both are expressed 
relative to the resting flux, and in whole Carcinus nerve the outward potassium 
flux is about twice as great as the inward flux (Keynes & Lewis, 1951a). How- 
ever, this effect is counterbalanced to an unknown extent by the probability 
that a smaller proportion of the fibres were excitable during the K® entry 
measurements, since higher stimulation rates were used. It can only be con- 
cluded that the outward potassium movement was of the order of 8 times as 
great as the inward movement, and no precise estimate can be given of the 
relative magnitudes. Because of this uncertainty it was again not worth while 
making a detailed analysis of the statistical significance of the results. The 
standard errors of the individual increments in radivactivity were much the 
same as in the experiments shown in Table 4, so that there is no doubt that there 
was a significant increase in K entry on stimulation. In all the experiments 
except the last two there was no significant variation in the successive values 
of the resting increment, but in Exps. 234A and B the first value was signifi- 
cantly greater than the others (the standard error was less than +22 counts / 
min. in every case). At the same time the resting exchange constant after the 
first dip was significantly greater than after subsequent dips. It is not at 
present clear why these two nerves behaved in this evidently abnormal fashion. 

The results for four experiments on 30 ½. fibres, given in Table 4, show that 
the effect of stimulation was to increase the rate of entry of Kd by rather more 
than half—allowing for the inexcitable fibres in the last two experiments the 
average inward flux was increased to 1-82 times its resting value. The figures in 
Table 2 show that stimulation at 50 imp./sec. would increase the outward flux 
by a factor of 10-9, so that once more the change was much greater for the out- 
ward flux than for the inward flux. The standard errors for each of the incre- 
ments in radioactivity were calculated from the standard errors of the individual 
counts. In every experiment the increased entry of K during activity was 
statistically significant. Since the effect of stimulation was not very great, the 
accuracy of the final figure for the additional entry was rather poor, and had 
an average standard error of about + 30%. | 

An estimate of the absolute size of the inward movement can be obtained in 
two ways. In the first place, the average value of the resting exchange constant 
was 0-54 hr. 1, and the fibre diameter was 29·3 f.; about 3 hr. elapsed between 
starting the dissection of the nerves and making the measurements, so that on 
the basis considered earlier the potassium content may be taken as 300 mM. 
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The resting outward potassium flux was therefore 33 x 10-™ mol./com.?/sec., and 
the inward flux was 30 x 10 mol. / om. /e. (assuming the same net leakage of 
potassium from the resting fibres as in the earlier experiments). The extra inward 
flux caused by stimulation at 50 imp./sec. was therefore 25 x 10- mol. om. sec., 
corresponding to an inward potassium movement of 0-5 x 10 mol. em. imp. 
In the last three experiments the figure could also be obtained in a more 
direct way, the increments in counts per minute being converted to moles 
of potassium after calibrating the apparatus with capillary tubes filled with 
the K* Ringer (Keynes, 1951). It was satisfactory to find that this gave the 
same average result (see Table 4) as the other method of deriving the answer. 


Tasx 4. Effect of stimulation on entry of K into 30 f. Carcinus fibres. The figures in brackets 
in the second column show the number of fibres which conducted impulses during stimulation. 
The figures in brackets in the last column show the increase in KJ uptake if all the fibres had 
been excitable, and these were used in working out the average value. Temperature 18° C. 
Stimulation rate was 50 imp. /seo. in every case . 


Increments of radioactivity 
Mean K entry Mean 
Mean resting resting stimulated by direct ratio of 

Exp. No.of diam. k (counts/ (oounts / cal. K, entry 
no, fibres (u.)  (hr.-*) min.) min.) (mol./em.*/imp.) stim./resting 
400 20 O81 1024 8 181412 — 1-52 

123+14 158+ 15 

100+ 18 
232A 4(4) 27-7 0-37 22 534 5 03940-12x10-" 174 

= 

7 (% 319 050 644 4 9447 0444016 1-49 

62+ 8 (1-69) 
233 8 (46) 296 0-50 36+ 3 60+ 5 0-70+40-21 1-76 

32+ 6 (2-32) 
Average 293 0-54 — 0˙5 10 1-82 


Ihe figures for the potassium entry may not be quite comparable with those 
for the potassium exit, since it can be seen from Tables 2 and 4 that the resting 
flux was about twice as great in one group of fibres as in the other. However, 
the entry was certainly much smaller than the exit, so that the final conclusion 
—that in 30,. fibres about 80% of the outward potassium movement repre- 
sents a net leakage—is not greatly affected. 


DISCUSSION 


These experiments show that the net leakage of potassium—the difference 
between the estimated entry and exit of K -was 2-4 x 10-12 mol./em.?/imp. 
This figure agrees closely with that given by the indirect method of Hodgkin 
& Huxley (1947), 1-7 x 10-2 mol./cm.?/imp., and confirms that the substance 
which leaked out of the axons in their experiments really was potassium. Some 
of the implications of this result have been discussed by Hodgkin & Huxley, 
and most of their arguments need not be recapitulated here. It is, however, 
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worth emphasizing again that its principal significance is in providing one 
fairly reliable direct and quantitative check on the correctness of their hypo- 
thesis concerning the mechanism of nervous conduction. It has been suggested 
(Hodgkin & Katz, 1949; Hodgkin, 1949; Hodgkin, Huxley & Katz, 1949) that 
the membrane potential is taken from its resting level to the peak of the action 
potential by a rapid entry of Na* ions, and that it is then restored to its original 
level by an outward movement of K“ ions during the falling phase of the action 
potential. If this idea is right, the charge carried by the quantity of potassium 
lost in each impulse must be at least great enough to alter the membrane 
potential by the full value of the action potential. The actual potassium leakage 
is likely to be greater than this minimum figure, since unless the sodium and 
potassium movements are completely separated in time, there will certainly be 
some additional simultaneous interchange of Na+ and K ions during the action 
potential which will not contribute to the potential changes. But it could not 
be less without throwing considerable doubt on the whole theory. The mem- 
brane capacity of 30. Carcinus fibres is 1-1 AF. om. (Hodgkin, 1947). Areason- 
able value for the size of the action potential would be 130 mV. (Huxley & 
Stämpfli, 1951). The charge required to repolarize the membrane from the 
peak of the action potential is therefore 1-43 x 10-? coulomb/cm..*. This is less 
than the charge carried by 2·4 * 10 mol. of potassium, which is 2-3 x 10-7 
coulomb, so that the observed outward movement of potassium is large 
enough to perform the function assigned to it. This conclusion still holds good 
even if the upper limit for the size of the action potential given by Huxley & 
Stämpfli (153 mV.) is taken in conjunction with the lower limit for the potas- 
sium exit found here (2-2 x 10 mol./cm.?/imp.). 

There is one important reservation in this argument. In these experiments, 
and in those of Hodgkin & Huxley, the effects of stimulation were only observed 
after the passage of a considerable number of impulses, and there was no direct 
proof that the loss of potassium did occur principally during the falling phase 
of the action potential. The assumption that the ionic movements measured 
with radioactive tracers in stimulated nerve are confined to the action potential 
itself is not unreasonable, because Cole & Curtis (1939) showed that the changes 
in membrane conductance coincided with the action potential, and there are in 
Carcinus fibres no large positive or negative after-potentials (Hodgkin, 1938) 
which might be associated with ionic movements other than those directly con- 
cerned with propagation of the impulse. It is obvious that if the entry of Nat 
ions and loss of K+ ions are the direct cause of the changes in membrane poten- 
tial, they must occur to a large extent consecutively rather than simultaneously, 
but experiments with radioactive tracers are not at present capable of giving 
any information’ about the exact timing of the ionic movements. However, 
they do show directly that there is at some time during activity an outward 
potassium movement of the magnitude expected from measurements of the 
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electrical characteristics of the nerve membrane, and they thus provide strong 
support for the sodium hypothesis of nervous conduction. . ; 

Cowan (1934) measured the stimulation leakage of potassium from Maia 
nerve by chemical analysis of the small volume of sea water in which the nerves 
were soaked. His figures show that the nerves lost 0-6 0% of their total potassium 
content during 1 min. of stimulation at 40 imp./sec. The results for whole 
Carcinus nerves in Tables 1 and 3 lead to an exchange constant per impulse for 
net potassium leakage of about 1-5 x 10-* imp. -A, so that stimulation at 40 imp. 
sec. for 1 min. would cause a loss of 3-6 % of the internal potassium. Apart from 
the possibility that there is a difference in fibre size between the two species, the 
Carcinus nerves probably gave a higher result because lower stimulation rates 
were used. Cowan recorded that increasing the frequency from 40 to 140 imp./ 
sec. only increased the total potassium lost by one-third, so that even at the 
lower frequency many of the fibres must already have blocked. There may also 
have been some reabsorption of potassium in Cowan’s experiments, because the 
concentration of potassium in the sea water surrounding the nerves necessarily 
rose appreciably during the period of stimulation. | 

The apparent difference in potassium leakage between whole Carcinus nerves 
and 30,. fibres requires some comment. In whole nerves the net leakage was 
about 0-4 x 10 mol./cm.*/imp.—only one-sixth as great as the figure for 30 p. 
fibres. It is not impossible that the smaller fibres have a lower membrane 
capacity and action potential, correlated with their lower resting potassium 
flux (Keynes & Lewis, 1951 a), but no measurements of their electrical character- 
istics have ever been made, so that it is hard to judge how much this might 
affect the results. Much of the discrepancy was certainly due to the presence of 
fibres which either became inexcitable during stimulation or did not conduct 
impulses at any stage. The shock strength was always set well above the level 
at which the action potential ceased to increase perceptibly, but the smallest 
fibres contributed very little to the total recorded potential change, and required 
correspondingly large shocks, so that they may not have been fully stimulated. 
The slowness of diffusion in the extracellular space (Keynes & Lewis, 1951a) 
may also have reduced the amount of K* lost during activity, both by delaying 
its escape from the nerve trunk, and by making the extracellular potassium 
concentration rise and so promoting reabsorption. It seems quite likely that 
the combination of inexcitable fibres and diffusion effects may account for the 
whole of the apparent difference between whole nerve and 30 fibres. 

These experiments give no information about the way in which the ions lost 
or gained during nervous activity are ultimately reabsorbed or extruded. 
Clearly some mechanism must exist in the living animal for regaining potassium, 
since the potassium content of nerves is maintained at a roughly constant level 
in vivo over long periods. Under these conditions they are frequently in a state 
of activity, and leakage and reabsorption must in the long run be equal. The 
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fact that excised nerves steadily lose their potassium when they are soaked in 
sea water or Carcinus Ringer (Keynes & Lewis, 195 1 a) suggests that in vitro 
the reabsorption mechanism does not work properly, either because some essen- 
tial ingredient is missing from the medium, or because of damage inflicted in 
the course of dissection. It is well known that nerves can conduct many 
impulses after they have been dissected, but this does not prove that there is 
appreciable potassium reabsorption since, as Hodgkin & Huxley (1947) pointed 
out, a 30. fibre loses only about 1/100,000 of its potassium for each impulse, 


and nerves do not become inexcitable until they have lost a considerable 


proportion of their initial potassium content (Keynes & Lewis, 1951 b). No 
conclusive evidence of an increased potassium entry after a period of stimula- 
tion was seen in any of the experiments with K*, although they were not 
specifically designed to test this point. The increase in inward potassium flux 
is just as likely to have been due to an increase in the potassium permeability of 
the membrane—that is to a faster simultaneous passage of K+ ions in both 
directions—as to an inward movement of potassium occurring after the main 
outward movement. In any case it was too small to constitute an effective 
reabsorption of potassium. 

Hodgkin & Huxley found that after a tetanus the excess potassium outside 
a Carcinus axon was reabsorbed quite rapidly. The rate of reabsorption varied 
approximately as the cube of the excess concentration, and there was evidence 
that it proceeded more slowly during activity than afterwards. Most of this 
reabsorption was ascribed to a purely passive process due to the operation of 
a Donnan equilibrium for K+ and CI- ions in the manner described for frog 
muscle by Boyle & Conway (1941), though some type of secretory mechanism 
was apparently active after the tetanus. These observations are not inconsistent 
with the largely unidirectional potassium movement found here, since a Donnan 
mechanism would not apply to axons soaked in a large volume of Ringer in 


wich the potassium concentration did not alter appreciably. This may also be 


true of the secretory mechanism, but in any case it would only have been 
detected in the tracer experiments if it had been operating rather vigorously. 


SUMMARY 


1. When Carcinus nerves previously loaded with K“ were stimulated in 
inactive Ringer there was a marked increase in the rate at which K was lost, 
stimulation at 50 imp./sec. increasing the outward potassium flux to about ten 
times its resting value. | 

2. In whole nerves the extra outward movement during activity involved 
1-6x 10-5 of the internal potassium per impulse. Uncertainty as to the 
exact membrane area, and the presence of an unknown proportion of in- 
excitable fibres, made it impossible to express the result reliably in absolute 
units, 
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In bundles of isolated 30 f. fibres the outward movement involved 
1 4 x 10-5 of the internal potassium per impulse. The average potassium exit 
was estimated to lie between 2-7 and 3-6x mol. / om. / imp., and was 


probably nearer the lower limit. 
4. Stimulation in potassium-free Ringer caused an outward potassium 
movement which did not differ significantly in size from that observed in 


normal Ringer. 
5. In whole nerves the K entry during stimulation at 50 imp./sec. was 
increased to 1-7 times its resting value. The extra inward potassium movement 
was therefore less than a tenth as great as the outward movement. 
6. In 30 K. fibres the potassium entry during activity was estimated as 
0-5 x 10 mol./cm.*/imp., so that the net effect of stimulation was to cause 
a potassium leakage of between 2 and 3 x 10 mol./cm.*/imp. 

7. No evidence was obtained of any potassium reabsorption after activity, 
but this question was not investigated in detail. 


I am indebted to Mr A. L. Hodgkin and to Mr A. F. Huxley for much help and advice in the 
course of this work. The expenses were met by a grant from the Rockefeller Foundation. 
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The fovea, being the part of the human retina with optimal visual acuity and 
colour vision, has received attention at the expense of the extra-foveal parts. 
The reasons for this, however, are not only the relative importance of the foveal 
region. but also the difficulties inherent in subjective experiments on the outer 
regions. Extra-foveal luminosity curves have been measured (von Kries, 
Polimanti & Seebeck, cf. Parsons, 1924; Walters & Wright, cf. Wright, 
1946), and hue-discrimination and colour mixture curves at 4° have recently 
been obtained (Gilbert, 1950). Le Gros Clark’s (1949) and Chacko’s (1949) 
anatomical investigations, and Granit’s (1947) and Motokawa’s (1949) electro- 
physiological work, stimulated the author to investigate the extra-foveal parts 
of the eye psychophysically. In the first instance the hue-discrimination curves 
at 0, 10 and 15° in the horizontal median in the right visual field of the author’s 
left eye (i.e. the side remote from the optic nerve) have been determined. Three 
brightness levels were used in each case: they corresponded to intensities of 
95, 9°5 and 0-95 e.f.c. respeotiyely. 


METHOD 


The apparatus (Fig. Ia) consisted essentially of two Hilger Barfit monochromators, fixed to a Kee- 
Klamp scaffolding. This consists of iron tubes which are connected together by suitable joints. 
Its advantage as a support for optical apparatus lies in its great rigidity. A single ribbon filament 
lamp L (6 V., 18 amp.) housed in a light-proof box (H) illuminated the two entrance slits of the 
spectrometers A and B. Images of the exit-slits were formed in the artificial pupil P (diameter 
2 mm.) which carried the observer's correcting lens, thus enabling him to reduce the distance 
between his own and the artificial pupil to a minimum. A microscope cover-slip was placed between 
the pupil and the reflecting prism R, the latter serving to deflect the right-hand beam to the eye. 

The function of the cover-slip was to form on the pupil an image of the source & (12 V., 4 amp.). 
Thus the lens E and the two prism faces were seen in Maxwellian view. The source & provided an 
adapting surround of angular subtense of 6°: the actual test field occupied its blacked-out centre 
and subtended an angle of 50’. The slit-width of the monochromators was 4 my. at 546-1 my. 
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A minute red fixation point, YP, was fitted excentrically: the appearance of the field for extra- 
foveal vision is shown in Fig. 15. The power supply was kept constant by manual control; the 
brightness of the fields could be controlled by neutral wedges W and density filters F. Stray light 
was eliminated by placing Ilford Bright Spectrum Filters (nos. 621-6, 204) in the path of each beam 
(C). Head movements were avoided by the mouthpiece (M) carrying the observer’s dental impres- 
sion. The monochromators were calibrated with Hg, Na and Li lines. 
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Fig. I. a, schematic diagram of the apparatus; b, the field as arranged for para- oentral measure- 
ments. For foveal work the two fields a4 and b are brought into juxtaposition, two minute 
indentations at the centre of each diameter forming a fixation point. 


The reads were taken in a dark-room. Between the readings there was the faintest back- 
ground illumination enabling the assistant to set and read the wave-length drum. This illumination 
was switched off while the observer made his observations. The actual state of adaptation does not 
seem to be of great importance under the conditions of the experiment: measurements of the least 
discriminable step at 0-54 n. both in the fovea and at 10°, taken after different periods of adapta- 
tion to the test-fields and the adaptational surround, do not reveal any marked dependence of 
AA on T, as can be seen from Table 1. After 3-4 min. dark adaptation an assistant set the wave- 


TaBLe I. The value of AA at 0-54. after different times of adaptation to the 


test field at high brightnesses 
T sec. 67-5 114 158 
AA in. m. 2˙9 2˙7 3-2 
10°: sec. 39-2 72-5 97°5 160 
AA in. my. 19-0 22-8 19-2 18-9 


drum of one of the spectrometers to a wave-length of random choice. The observer looked at the 
fixation spot and matched the brightness of this field (a) to that of the surround. He then matched 
the other half of the field (b) in brightness and hue to the former. The advantage of this method 
over setting both wave-drums to the same wave-length consists in the elimination of errors due to 
a non-uniform distribution of the different kinds of receptor over the area covered by the two 
halves of the field. Using a 15’ field, Thomson (1946) demonstrated the asymmetry of his fovea 
from this point of view. The 50’ field as used by the author is much larger than that used by Thom- 
son: from a subjective point of view, however, the 50’ field appears the smaller if used in para- 
central positions. The two halves of the circular field were separated by 28“ at 15° and 20’ at 10°: 
while they were just visible as two fields, their form was indistinct. When both fields appeared to 
be matched in hue to each other and in brightness to the surrounding field, the observer determined 


4 
5 
N 
3 11 
\ 
b 
{ 


PARA-CENTRAL HUE-DISCRIMINATION 117 


the least discriminable wave-length step, using a glance technique (Thomson & Wright, 1947). 
Steps towards longer wave-lengths were made in every case. A complete run was undertaken 
during one session which lasted about 1 hr. Not more than two sessions were held each day. 

After-images play a more important role in extra-foveal regions than in the fovea (Weale, 1950). 
They were observed at 10 and 15° only at the highest brightness level: at 10° they were rather 
obnoxious, necessitating more frequent ‘glancing’ than in any of the other runs. It sometimes 
happened that the field was seen foveally, perhaps after blinking had taken place. In such cases 
the wave-length drum was screwed back so that each result was obtained without having been 
prejudged by foveal observation. 


RESULTS 


The data are plotted as AA (the least discriminable step) against A, the wave- 
length of the test-field as set by the assistant. The latter is, therefore, the short- 
wave boundary of the step. Each set of data in Fig. 2 represents the result of 
five runs. Since an indication of the standard error of the data for each point 
would obscure the graphs, a sample representative of each luminance level is 
shown on the left: the standard errors were sensibly constant for each set, 
although there were a few cases when they were extremely small. 

Fig. 2a, in which the ordinate is drawn on a scale four times as large as that 
in 26 or e, reproduces the results obtained for the fovea: although other workers 
have examined the fovea in some detail, the author determined his own 
characteristics, both to show that his colour-vision was normal and that the 
apparatus was satisfactory. The curve for the highest brightness level is in 
good agreement with Pitt & Wright’s data (Wright, 1946): the slightly worse 
hue-discrimination is ascribable to the fact that a smaller field was used. 
Thomson & Trezona (1951) have already found that, as the brightness is 

reduced, the foveal hue-discrimination deteriorates appreciably in all parts of 
the spectrum except at wave-lengths near 0-46. Table 2 shows the t-test for 


TABLE 2 
A in u. 0-44 0-45 0-46 0-47 0-48 
t 3-22 1-65 1-62 2-72 7-25 


significant differences between the mean values at the medium and low bright- 
nesses for the foveal data. Values of ¢<2-776 indicate that the difference 
between the means is non-significant, i.e. values of ¢ greater than this occur by 
chance once every twenty times or less. The subsidiary optimum at 0-53. has 
not been reported by any previous investigator. There is some evidence to 
suggest that it is not spurious, but that it may be due to an adaptational effect 
of the surround. This point will be dealt with on another occasion. 

Fig. 26 gives the results obtained at 10°. One point of interest is that a change 
in brightness causes a statistically significant alteration in hue-discrimination 
between 0-47 and 0-53. only. This is shown in Table 3 in which the t-test of 
‘significance is applied again. The same criterion is used here as in Table 2: 
when 42.776 the difference between the mean values of AA as measured at 
two brightness levels is not significantly different from zero. 


4 
‘ 


118 R. A. WEALE 

Secondly, the ‘green’ pessimum exhibits a shift towards the blue. Pitt 
(cf. Wright, 1946) has drawn tritanopic jso-colour lines in the chromaticity 
diagram, which suggest that this defect would be manifested by very poor hue- 
discrimination in the region between 0-46 and 0-52p. It is thus seen that 


15° 


. 


400 450 500 550 600 Amz. 
Fig. 2. The hue-discrimination curves for three luminance levels: O = 95, @=9-5 and @=0-95e.f.c. 


tritanopia appears at the very lowest brightness level, while the curve corres- 
ponding to the highest exhibits features as found in normal colour vision. 
Similar statements can be made about Fig. 2c which shows the results obtained at 
15°. The principal difference between the two sets of curves at 10'and 15° is that 
in the latter case the deterioration of hue-discrimination has progressed further. 
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Taste 3. Values of t 


Ain p. 0-45 0-46 0-47 0-48 0-49 0-50 0-51 0-52 0-53 
15° 
Medium and low 1435 1009 345 9-76 1-05 0334 — — — 
luminance levels 
Medium and — — — — 5-65 3-71 3 — 
10° 
Medium and low — — 0618 3-68 0-887 1166 0706 — — 
luminance levels 
Medium —— — — — — 4˙38 5-41 0-01 3-83 1-136 
luminance 
DISCUSSION 


Equal intensities do not give rise to equal brightness sensations in different 
retinal positions. With the present apparatus it was impossible to ensure the 
equality of brightness in the three retinal positions examined. Bearing this 
fact in mind, it is nevertheless instructive to compare corresponding values of 
AA at constant intensities and wave-lengths and different retinal positions. 
This can be done in two ways: (a) the two values can be subtracted from each 
other, their difference measuring only the deterioration (or, improvement) in 
hue- discrimination of one retinal position relative to the other, or (b) one can 
consider their ratio to be the measure of the same change. The former has 
nothing except arithmetical facility to recommend it, but the latter yields more 
convenient numbers. Fig. 3a shows the values of Mios / Q at the three intensity 
levels. Two facts emerge: the deterioration in hue-discrimination is more 
marked at high than at low intensities and culminates in all cases in the region 
of 0-48-0-51 f. Although the curves show an upward trend at their long-wave 
end, it is doubtful whether this is significant. 

Fig. 36, drawn on a much larger scale because the deterioration in hue dis- 
crimination from 10 to 15° is inevitably less than from 0 to 10°, represents the 
values of AA,,./AA,o0 for the lowest intensity level only: the results for the other 
two sets were evenly distributed about a mean and yielded no interesting in- 
formation. It is evident that, once again, there is a deterioration in the blue: the 
peak is, in this case, in the neighbourhood of 0-46 fl. There is a region at about 
0-524. where the deterioration is minimal. And, instead of remaining approxi- 
mately level at longer wave-lengths as do the other curves, this one resumes its 
rise to a possible peak at about 0-59. 

The most striking feature of these results is that the sets of data obtained 
for 0, 10.and 15° are, broadly speaking, similar. Thus the high intensity data 
all exhibit optima at 0-48 and 0-58 K. as found by Pitt & Wright (cf. Wright, 
1946), and the relative values of the ordinates (AA) are also such as are observed 
in normal colour vision. Hue-discrimination deteriorates in the same sense, 
and the green pessimum is moved to the blue both at 10 and at 15°. The prin- 
cipal difference is that, whereas the foveal hue-discrimination curve does not 
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show tritanopia, as above defined, at low brightnesses, the extra-foveal curves 
do. It follows that the,contention (Hartridge, 1945) that tritanopia is charac- 
teristic of small fields rather than of the fovea is substantiated, and that the 
suggestion that the fovea is tritanopic at low brightnesses (Hartridge, 1950) is 
not borne out by these experimental data. The term ‘foveal tritanopia’ is 
a misnomer, and should be replaced by ‘tritanopia due to small fields’. 
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Fig. N e of hue· discrimination measured by the ratio of corresponding values of 
reed retinal loci at constant intensities as plotted against A. O =95, Q=9'5 and 


To say that vision is tritanopic is merely a description. We are faced with 
the question why it should be so. As Miss Gilbert has suggested, the presence 
of rods may account for it. In support of this conjecture one should state that 
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the deterioration in hue-discrimination is most pronounced at low brightnesses 
in the region of maximum absorption of visual purple. It cannot be argued 
that if this were correct the deterioration should be maximal at 0-50 u.: hue- 
discrimination curves are not replicas of sensitivity or response curves. Further, 
the writer noticed that in this range the hue of the test field in peripheral vision 
was very desaturated: it was just ‘bright’. 

Although a casual examination of the data in Fig. 2 does not reveal anything 
extraordinary in the yellow part of the spectrum, Fig. 3b shows that the relative 
deterioration in that region between 10 and 15° is as marked as in the blue. 
This finding is in agreement with Motokawa’s discovery of a yellow response 
at 15° (1949, fig. 1), although it is possible that this response is produced at the 
expense of the red and green responses, which appear to be diminished relatively 
to their foveal values. It is also in agreement with Le Gros Clark’s and Chacko’s 
studies of the lamination of the primate lateral geniculate bodies: the lamina 
containing red and ‘green’ fibres become fused as the parts remote from the 
centre are approached. It may be suggested tentatively, as a result of the present 
work, that nerve fibres leading from receptors within 10° on the temporal side 
of the foveal centre do not lead to parts of the lateral geniculate body in which 
fusion occurs, but that fusion starts possibly with fibres originating outside 
this region. 

It has already been stated that the foveal data obtained at the lowest 
luminance level exhibit a subsidiary optimum at 053 h. and corresponding 
pessima at 0-52 and 0-54 Kl. It can be seen in some of the paracentral data also 
that even if there is not a peak there is a ‘shoulder’ to be found at 0-54 . In 
themselves, these shoulders are too flat to be significant, but their repeated 
appearance suggests that they are not artefacts. It will further be noticed that 
it is the pessimum at 0-52. which is displaced to shorter wave-lengths as the 
brightness is reduced. This suggests that the peak at 0-52. is due to a mixture 
of visual purple and indicator yellow. Dartnall (1948) has shown that such 
a mixture has an absorption maximum depending on the amount of indicator 
yellow present, its limits being 0-50 and 0-55. The principal objection to the 
suggestion that the pessimum at 0-52,. is due to visual purple is the fact that 
it is also observed in the human fovea. This objection, however, is only due to 
a prejudice: no pigment other than visual purple has been demonstrated to 
exist in the human eye, and there is no reason to reject the idea that it should 
be present in the fovea in minute quantities and make its presence felt under 
certain conditions. It will be recalled that Granit (1947) found modulators 
both at 0-52 and at 0-54. in animal eyes which were light-adapted. The results 
on the paracentral parts of the human eye suggest that the modulator at 0-52. 
may be due to traces of visual purple. “ 
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SUMMARY 


1. The apparatus used for the measurement of hue-discrimination in extra- 
foveal positions is described. 

2. Results for three luminance levels, 95, 9-5 and 0-95 e.f.c. and three retinal 
positions, O, 10 and 15°, in the left retinal field of the author's left eye are 
presented. Tritanopia is found only at low brightnesses at 10 and 15°. It is 
ascribed to the activity of the rods. The deterioration in hue-discrimination at 
the lowest brightness observed between 10 and 15° shows two peaks at 0-46 
and 0-59. This suggests the development of a form of dichromacy which may 
develop into deuteranopia in more peripheral parts. The high brightness curves, 
both at 10 and 15°, show that there is good hue-discrimination in the regions of 
0-49 and 0-59 K., a fact which suggests that vision under these conditions is 
essentially ‘trichromatic’. 

3. It is suggested tentatively that a mixture of visual purple and indicator 
yellow is present in the rod-free part of the human retina. 


I am greatly indebted to Dr L. C. Thomson of this Unit for many valuable discussions, and to 
Mr S. E. Veronique for his patience in recording the readings. 
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NORADRENALINE IN WHALE SUPRARENAL MEDULLA 


By J. H. BURN, H. LANGEMANN ann R. H. O. PARKER 
From the Department of Pharmacology, University of Oxford 
(Received 5 August 1950) 


We have recently been able to prepare and examine extracts from the medulla 
of the suprarenal glands of eight whales. The glands were collected between 
28 January and 17 February 1950 by Mr R. M. Brachi of United Whalers Ltd. 
They were kept frozen and packed in sealed tins. Mr Brachi, who obtained 
the glands when working in F/F Balaena, supplied the following notes: 


Some difficulty was met with in the identification of these glands mainly because of their un- 
expectedly large size. However, with the aid of Hvalrddets Skrifter, Vol. 24, ‘Endocrinological 
studies in the Blue Whale’, the first recovery was made about 24 December, 1949. This was of 
a single gland only, and it was some time before both could be extracted from a particular whale. 

Position relative to other organs. Joined by connective tissue to the corresponding kidney, the 
gland usually lies between 2 and 6 ft. from it. It is also joined by tougher tissue to the colon, 
easily identified by the fact that it always contained faeces, and by its large size. In Fin Whale it 
is usually close to this organ, while in Blue it is sometimes a foot or more from it. One example of 
the right gland had a fragment of liver in the connective tissue. The position depends greatly on 
the amount of tension of that particular part of the carcase. On several occasions in the larger 
whales, one or both glands were found to be damaged by strain, the medullary layer having some- 
times been torn out. This most often occurs when the Jungs, stomach, underfillets etc. are hauled 
away from the backbone. 

Pregnant whales. It was early seen that the glands of pregnant whales were grossly enlarged and 
frequently distorted. In Fin whale a fairly common shape was roughly circular. One example 
from Blue whale had, besides a large cyst, so much abnormal matter that it was L-shaped, weighing 
about 2-7 kg. The included matter appeared to be in the cortical layer only and was white and 
translucent, containing a colourless fluid. Often it had divided the medullary layer so that the 
structure was extremely complicated. Cysts were fairly frequent in males, and were occasionally 
visible in them. As the season progressed, cysts were less frequent, glands of pregnant female 
Blues appearing normal by about the second week in February. The condition persisted later in 
Fin whales. 

The approximate average weights were for Fin whales 600-800 g., and for Blue whales 600- 
1200 g. 


BIOLOGICAL ESTIMATIONS 
Extraction of the material. When a section through s gland was examined, the macroscopic appear- 
ance differed considerably from that of ox glands, in which the cortex is sharply differentiated from 
the medulla. The cortex in the whale has folds, confirming the statement of Kolmer (see Bourne, 
1949), and there are inclusions of cortex in the medulla. The medulla of the whale appeared to bo 
thick, 
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A small portion of about 0-1 g. was excised, weighed, ground with sand in 8 mortar in 1 ml. 
n/10-HCl. When ground, 6 ml. x / 10-HCl was added, and this was brought to pH 6-5 using x- NaOH. 
The volume was then adjusted with distilled water so that 1 ml. contained the activity of 10 mg. 
tissue. The solution was brought to the boil, then cooled and centrifuged. The supernatant was 
kept at — 15° C. until it was used. 


BIOLOGICAL RESULTS 


The extracts were examined by injecting them into the spinal cat, to record 
their effect on the blood pressure and on the nictitating membrane of one eye. 
The cervical sympathetic chain of the same side 
was cut, but the superior cervical ganglion was 
intact. A method has been described by Burn, 
Hutcheon & Parker (1950a) by which the pro- 
portion of adrenaline and noradrenaline in a 
mixture can be determined. It was found that 
the various extracts contained very little adrenal- 
ine, and that the activity was mainly due to 
noradrenaline. Thus Fig. 1 shows in succession 
the injection of extract W3 corresponding to 
2-5 mg. whale medulla, 10ug. L-adrenaline and 
9 ug. L-noradrenaline. The blood-pressure effects 
are all similar, but the nictitating membrane 
contracted strongly only when adrenaline was 
injected. Comparison of the injections of the 
extract and of noradrenaline shows that the 
tissue from which the extract was made con- 
tained 3-6 ug. L-noradrenaline per mg. When a 
thorough examination of the extract was made, 
three estimates of the percentage of adrenaline 
were obtained: 12, 16 and 13%. Thus the total 
activity of the extract was recorded as 3-6 hg. / mg., 
of which adrenaline was 14% and noradrenaline Fig. 1. Spinal cat: lower record, 
was 86 9. The various figures obtained are given blood pressure; upper record, 
in Table 1. normally innervated niotitating. 


Enzyme activity. Some of the glands were ex- whale oe Bog weal 


amined for the presence of DOPA decarboxylase ing to 2-5. mg. gland. At A, 10 yg. 
and for cholinesterase. The former, which is adrenaline. At NV, 9yg. L-nor- 
destroyed fairly easily, is as active in the medulla Wnaline. 

of ox suprarenals as in the cortex of guinea-pig kidney, which is the best known 
source of it. However, using the same method as for guinea-pig kidney, no 
more than traces of activity were found in whale medulla, the figures being 


; 8 formation in 45 min. for W3, and 3 yl. CO, formation in 15 min. 
or W8. 
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Tant I. Adrenal medulla of Blue and Fin whales 
Total activity (ug./mg.) Noradrenaline percentage 


‘Biological Chromat. Biological Chromat. 
Extract estimate estimate i 


estimate estimate 
wi 10-0 13-0 96 90 
2 3-6 — 100 4 
w3 3-6 — 86 pie 
5-1 3-6 80 71 
3:3 1-9 73 84 
w7 2-4 46 71 87 
ws 2-0 — 92 8 


To determine cholinesterase the tissue was ground in a mortar with sand, and made into a sus- 
pension by adding Krebs bicarbonate solution. An amount of 2-0 ml. of tissue suspension con- 
taining 200 mg. of medullary or 600 mg. of cortical tissue was put into the flask of a Warburg 
manometer. To start the reaction 0-3 ml. of the choline ester was added from the sidearm. The final 
concentrations of the substrates used were acetylcholine bromide 0-026 M.; acetyl B-methylcholine 
chloride 0-039 m.; benzoylcholine chloride 0-0078 m. In experiments with dog’s caudate nucleus, 
an amount of homogenate equivalent to 20 mg. tissue was used. 

The results shown in Table 2 indicate that all three samples of whale medulla 
were active in splitting acetylcholine, and that there was some activity in the 
two samples of whale cortex. What was unexpected, however, was to find that 
the power to split either acetyl g- methylcholine or benzoylcholine was so much 
less than the power to split acetylcholine. For this reason figures are included 
to show the activity of dog’s caudate nucleus on the same three substrates. 
Whereas cholinesterase in caudate nucleus produced CO, from acetyl 8-methyl- 
choline nearly as well as from acetylcholine, whale medulla produced only 
5-20% of that which it produced from acetylcholine. 


Tass 2. Cholinesterase in whale adrenal glands 


(ul. CO,/g./60 min.) 
Substrate 
Extract ‘Acetylcholine Acetyl f. methylcholine Benzoylcholine 
W3 medulla 2,030 100 180 
W3 cortex 430 0 0 
W7 medulla 3.60 630 530 
Ws medulla 2,360 490 550 
Ws cortex 180 20 30 
Dog caudate nucleus 35,600 23,000 2,000 


CHROMATOGRAPHIC ESTIMATIONS 


The ascending method of Williams & Kirby (1948) was adopted. The paper was Whatman no. l 
cut into strips 12x 13 in. Before use this paper was passed through a solution of L-ascorbic acid 
(1-0 mg. ml.) dried by gentle heat in front of an electric fire and pressed flat. Only the edges of the 
paper were touched in handling. As solvent a 90% phenol, 10% water mixture (James, 1948) was 
used, the phenol having first been redistilled over granulated zinc in all-glass apparatus. The 
white crystalline distillate was stored in the dark and the mixture prepared fresh for each experiment. 


Mean 4-05 53 83 81 ö 
— 


126 J. H. BURN, H. LANGEMANN AND R. H. O. PARKER 


Solutions of L-adrenaline and of bl-horadrenaline hydrochloride were prepared in acid alcoho! 
(1 ml. cone. HCl and 100 ml. 95% ethanol), of strength 2 or 4 mg./ml. in terms of the base. Portions 
of whale medulla were cut from the frozen material, weighed and ground with acid alcohol to make 
a final concentration of 2 mg./ml. The éxtract was centrifuged and the supernatant used. 
Chromatographic separation 

Spots were applied along the 12 in. edge, 1 in. apart and 1 in. from the sides and bottom of the 
strip. An Agla’ (Burroughs Wellcome) micrometer syringe was used, capable of delivering 0-001 ml. 
with an error less than 0-5%. In place of the standard hypodermic metal needle, the nozzle of the 
syringe was fitted with a short, fine piece of hard- glass capillary, held in place by a sleeve of soft. 
rubber tubing. 

Either three or four spots of the extract were placed on the same paper, evenly distributed across 
its width, and duplicate sets of the standard spots were interspersed between the extract spots. 
The concentrations of the adrenaline and noradrenaline standards were such that the expected 
extract concentration fell in the middle of the range for each, as far as possible. Further, the 
adrenaline and noradrenaline components of any standard spot were applied separately. This 
procedure does not alter the R» value for either substance (James & Kilbey, 1950). All final spot 
sizes lay between 4 and 5 mm. in diameter, and the volume applied to the paper was usually 0-01 ml. 
The paper was formed into a cylinder by gumming the edges together with ‘Sellotape’. With the 
spot edge downwards, the cylinder was placed upright in a Petri dish 14 cm. in diameter containing 
50 ml. of the phenol-water mixture. The whole was covered by a glass bell-jar standing on a bed of 
Alabastine to give an air-tight fit. The separation was continued for between 12 and 15 hr. at 
a constant temperature of 65° F. 7 

The cylinder was removed from the bell-jar, reformed into a sheet and hung up to dry in front 
of an electric fire. Two methods of development were used: (a) KIO, in acetic acid which formed 
the corresponding iodo-chromes on the paper (Blaschko & Richter, 1937), and (b) K,Fe(CN), in 
a phosphate buffer at pH 8-0-8-5 to give the normal oxidation reactions. 

(a) Potassium iodate development. A 10% solution of KIO, in 5% acetic acid was made up (with 
gentle heating), and sprayed on to the paper with an all-glass atomizer. The iodo-noradrenoch 
appeared at once, a rich brown colour, while the iodo-adrenochrome spots developed more slowly, 
red-brown at first turning to a deeper brown after a period of about 1 hr. Both the noradrenaline 
and adrenaline spots faded after several hours, and they appeared most sharply about 5 min. after 
spraying. 4 yg. of adrenaline and 2 jg. noradrenaline were detectable by this method and the 
circumference of each spot could be easily traced with a pencil. 

(6) Potassium ferricyanide at pH 8-0-8-5. James’s method of development was based on the 

formation of the nor- and adrenochromes with ferricyanide at pH 7.8. Lund (1949 a, b, c) recently 
demonstrated that a fluorescent compound which he called ‘adrenolutine’ was formed by the 
oxidation of adrenaline at a more alkaline pH. This method was adapted by using a phosphate 
buffer at pH 8-0-8-5, which was made up in bulk. 0-44 % potassium ferricyanide was dissolved in 
this solution, freshly prepared for each spraying. 
On treating the paper with this solution, the spots hardly appeared visible in daylight, but on 
examination by transmitted ultra-violet light of a long wave-length (3200-4000 a.v.) both adren- 
aline and noradrenaline gave a marked green fluorescence which stood out clearly from the purple 
background. 2-0 pg. of each would be detected and outlined. 

The source of ultra-violet light was an ‘Osram’ 125 W. ‘Black Glass’ ultra-violet lamp. The 
hers * bulb cuts out most of the visible radiation, and also the short ultra- violet wave- 

It is necessary to allow 30 sec. for visual tation utlining 
operations should be completed within 5 min. 
Measurement of spot area 
A piece of 1 in. squared graph paper was photographed and a reduced negative prepared, s0 


that each 1 in. square now corresponded to 1-0 om. square. A lantern slide was made of the result 
which gave small squares of a convenient size when viewed under a binocular microscope. Each 
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spot was covered by the squares and a count made of those lying within its circumference. The 
method was more accurate than a planimeter for small spots, and the use of the binocular micro- 
scope avoided errors due to parallax. 

RESULTS 


Fisher, Parsons & Morrison (1948) showed that there was a linear relationship 
between the logarithm of the concentration and the area of a spot. Goldenberg, 
Faber, Alston & Chargaff (1949) used this relationship to make a quantitative 
chromatographic estimation of the noradrenaline present in U.S. P. samples of 
‘epinephrine’. We have also found the linear relation to hold good for amounts 
of either substance from 2 to 60 yg. A separate graph was plotted for the 
adrenaline and noradrenaline standards. Knowing the spot area for the 
adrenaline and noradrenaline compounds of the extract, the concentration of 
each could be determined from the appropriate graph and the percentage 
composition calculated. The results are given in Table 1. 


DISCUSSION 


The observations indicate that the active materials present in the whale adrenal 
medulla are noradrenaline and adrenaline, and that the noradrenaline is present 
in much greater amount, so that there is, on average, five times as much 
noradrenaline as adrenaline. In the cat Biilbring & Burn (1949) found that the 
average figure for the amount of noradrenaline in the mixture liberated by 
splanchnic stimulation of the adrenal medulla was 40%. In the rat, Burn 
et al. (19506) found the adrenal medulla to contain a mean figure of 11% 
noradrenaline; finally in the rabbit, Holtz & Schiimann (1950) state that 


Evidently the position of the whale is extreme in that it contains so high 
a proportion of noradrenaline and so little adrenaline. The results might be due 
to the method of killing the whales, which generally involved a long chase, so 
that the glands might be exhausted of their stock of adrenaline by the central 
stimulation. On the other hand, it is to be remembered that. Elliott (1912) 
found that splanchnic stimulation for periods of 1} hr. or longer did not deplete 
the store in cats and dogs. 

We think that our results probably represent the active contents of the normal 
whale suprarenal medulla, and if so the composition is similar to that of tumour 
tissue from human phaeochromocytomas both in total activity and in percentage 
of noradrenaline, as found by Holton (1949). 

The presence of so large an amount of noradrenaline suggests that this sub- 
stance must be a hormone itself in the whale, and that it is not merely a pre- 
cursor of adrenaline. If it is a hormone itself in the whale, it is the more likely 
to be a hormone in the cat also, as the work of Meier & Bein (1949) suggests. 

It is satisfactory that the mean figure for the noradrenaline percentage by 
the biological method agreed so closely with the figure by the chromatographic 
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method. In carrying out the biological tests the main object was to determine 
this percentage, and the figures for the total activity were obtained incidentally ; 
this probably explains the less good agreement between the biological and 
chromatographic figures for mean total activity. 


SUMMARY 


1. The adrenal medulla of eight whales has been examined by biological and 
chromatographic methods. 

2. Both noradrenaline and adrenaline were found to be present and the mean 
figure for the sum of the two amines was from 4 to 5 ug. mg. wet weight of 
tissue. 

3. Noradrenaline was found by both methods to be 81-83 % of the total, the 


range being from 70 to 100%. 
4. The adrenal medulla contained an active cholinesterase, but while this 


hydrolysed acetylcholine, it had little action on either acetyl 8-methylcholine 
or on benzoylcholine. There was some cholinesterase activity in the cortex also. 


This work was done while one of us (H.L.) was holding a Swiss grant (Stiftung fiir Biologisch- 
Medizinische Stipendien), and while another of us (R.H.O.P.) was in receipt of a grant from the 
Medical Research Council. 
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CORTICAL SECRETION OF THE ISOLATED 
PERFUSED ADRENAL 


By MARTHE VOGT 
From the Pharmacological Laboratory, University of Edinburgh 
(Received 24 March 1950) 


The amount of hormone secreted by the adrenal cortex of different mammals 
was determined by direct biological assay of adrenal blood (Vogt, 1943) and 
factors affecting the rate of cortical secretion by the gland in situ were studied 
in the cat and the dog (Vogt, 1944). The present paper deals predominantly 
with the control of production of cortical hormone in the isolated perfused 
adrenal of the dog. Where necessary, supplementary information is given 
which was obtained on the gland in situ. 

In an isolated gland the effect of drugs or metabolites can be tested without 
interference from their action on other organs. Secretion will be unaffected by 
the multitude of, usually noxious, substances which enhance cortical secretion 
by an increased release of adreno-corticotrophic hormone (ACTH) from the 
pituitary. With the aid of this preparation, three problems concerning the rate 
of secretion have been investigated, namely, whether the rate depends on the 
amount of ACTH supplied by the perfusing blood, whether it is correlated 
with changes in the concentration of some other physiological blood constituents 
and whether it is altered by the addition of certain drugs. 


METHODS 
Experiments on dogs. Single-pump perfusions. The animals were anaesthetized with ether, and 
200-300 ml. blood, required for filling the perfusion pump, collected from the carotid artery into 
a flask containing heparin. The ether was then withheld and pentobarbitone or chloralose solution 
injected intravenously. The viscera, kidneys and right adrenal were removed, and the left adrenal 
was prepared for perfusion. The dissection of the gland with an adjoining piece of aorta, vena cava 
and left renal artery was similar to that described by Feldberg (1940) for cats. It differed in that 
perfusion was carried out through the superior mesenteric artery instead of through the coeliac; 
furthermore, the segments of aorta and cava which were irrigating the left adrenal and had been 
completely deprived of all connexions with the body, were not excised but left in the body. The 
dog was killed as soon as the perfusion had superseded the natural circulation of the gland. 
The circuit of the Dale-Schuster pump (see Fig. 1) consisted of the pulsating fingerstall A 
pumping blood from the reservoir B along two channels, one leading to the arterial cannula and the 
other through the shunt C back to the reservoir. The shunt, containing an adjustable resistance of 
the type devised by Knowlton & Starling (1912) for the heart-lung sic acacia 
PH. OXIII. 


129 
0 4 
| 
7 
n 4 
of 
is 
. 
e 


130 MARTHE VOGT 


pressure and ensured mixing and rapid flow of the bulk of the blood, whatever the 
the adrenal. The formation of vasooonstrctor wubetances through stagns 
tion was prevented by filling the pump before proceeding with the dissection of the adrenal gland 
and by keeping the blood circulating along both channels from the moment the pump was filled 
till the onset of perfusion. Whenever required, the blood was diluted with 6-30 9% of 09% NaCl 
solution. The effluent leaving the adrenal was collected in ice-cooled centrifuge tubes from a 
cannula tied into the adreno-lumbar vein. Since none of the blood was returned to the reservoir, 


it did not require reoxygenation. 


To arterial 
cannula 
To membrane 
manometer 
Fig. 1. Perfusion circuit. For explanation see text. 


perfusions. Two pumps and two reservoirs filled with blood of different composition 
were used for certain experiments. The perfusion cannula and artificial resistance could be con- 
nected to either pump by a simple transfer of clamps, so that the change in the composition of the 
blood was effected without interrupting the perfusion or altering its pressure. 

Experiments on the gland in situ. These were carried out on eviscerated dogs with the technique 
reported previously (Vogt, 1943). 

Experiments on cats. The technique differed only in a few points from that employed for dogs. 
The pump was filled with heparinized blood diluted with one-third of its volume of Ringer’s solution 
and obtained from a cat used as bleeder only. Both suprarenal glands were left attached to the 
aorta and vena cava and were perfused together. The venous blood was collected from a cannula 
introduced into the vena cava distal to the entry of the two adreno-lumbar veins. 

Administration of drugs. Drugs were either added to the reservoir of the perfusion system or 
infused straight into the arterial cannula. With the latter procedure, the secretion of the gland 
could be tested after the effect of the substance under investigation had subsided. For the infusions, 
a short T-piece was inserted into the rubber tubing leading to the arterial cannula. The blood 
flowed through the horizontal part of the T, whilst its vertical limb was occluded by a rubber bung 
through which a syringe needle had been pushed. A piece of thin plastic tubing was fitted over the 
tip of the needle. The tubing ended near the nozzle at the inside of the cannula. A short length of 
fine rubber tubing clamped by a small clip was slipped over the butt of the needle. A syringe was 
connected to the rubber tubing, and solutions could be injected or slowly infused from the syringe 
when the clip was opened. 
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Assay of cortical hormone. The adrenal effiuent was centrifuged and the plasma assayed for corti- 
cal hormone on adrenalectomized rats as previously described (Vogt, 1943), using the mean survival 
time at low temperature as measure of potency (Selye & Schenker, 1938). Of each sample of plasma 
four to five subcutaneous injections were given to groups of nine or ten rats. Samples were always 
collected for equal periods of time. If variation in blood flow had caused differences in the size of 
the samples, their volumes were made equal by the addition of plasma prepared from the blood 
circulating in the pump. This was done in order to inject equal quantities of fluid and protein into 
the different groups of rats, and appears justified, since arterial blood had previously been shown 
not to contain cortical hormone in amounts detectable by the assay. A sample of plasma prepared 
from the blood circulating in the pump was given to one group of rats serving as controls, Any 
significant increase in survival time produced by adrenal plasma over the figure observed with this 
perfusion plasma indicated a content of cortical hormone. Similarly, changes in the hormone 
secretion were considered to have taken place, if groups of rats given different samples of adrenal 
plasma showed significantly different mean survival times. The test for significance was carried out 
as described earlier (Vogt, 1943), and a change accepted as real if the probability that the difference 
in the survival times was due to chance was smaller than 0-05. When feasible, two groups of rats 
were treated with two doses of cortical extract (‘Eucortone’, Allen and Hanbury) added to per- 
fusion plasma. The activity of adrenal plasma could then be expressed in terms of ml. extract or 
of g. adrenal gland used for the preparation of the extract. 

Some modification of the assay was necessary when histamine or nicotine were added to the 
perfusing blood, since these had an influence of their own on the survival time of the operated rats. 
(1) Histamine. In order to assay two samples of blood collected before and after the addition of 
histamine to the reservoir, histamine was added to the first sample so that all the rats would receive 
it in equal amounts. The required quantity was calculated from the volume of circulating blood 
which was known at any phase of the experiment, on the assumption that loss of drug through 
absorption or destruction in the perfused organ was negligible. Some absorption of a drug present 
in the irrigating blood is, of course, bound to occur in the gland. However, owing to the large 
blood flow (several times the weight of the gland per minute) through the suprarenals and their 
low histaminase content (Best & McHenry, 1930), equilibrium between blood and tissue should be 
rapidly established with a small loss of histamine from the blood. (2) Nicotine. An appreciable loss 
by one passage through the adrenal gland need not be feared either in experiments on nicotine. 
Since nicotine, however, was injected straight into the arterial cannula and not into the reservoir, 
it was assumed that the whole amount used would be recovered in the sample of blood collected 
during the first 10-20 min. following the injection. This same total dose was therefore added to any 
sample which it was intended to compare with the sample obtained under the influence of nicotine. 
The adrenaline released into the adrenal effluent by the nicotine was estimated, and the adrenaline 
content of all samples also made equal before assaying them for cortical hormone. 

Assay of adrenaline. The concentration of adrenaline in plasma prepared from adrenal effluent 
was assayed on the rabbit’s intestine. In spite of the presence in some of the samples of small 
amounts of histamine or nicotine the assays proved reliable, as was ascertained by observing the 
responses to known quantities of adrenaline added to the plasma. Care was nevertheless taken 
to keep the volume of plasma added to the bath constant throughout an assay, and to compare the 
size of relaxation obtained by different samples with that produced by different doses of adrenaline. 
The alternative of varying the quantity of plasma added to the bath till the responses of different 
samples matched the same dose of standard was occasionally found to cause errors. The plasma was 
left in contact with the gut for the shortest time possible, and washed out as soon as the relaxation 
had reached its maximum. The volumes of plasma used (0-2-0-5 ml. in a 75 ml. bath) were too small 
to cause relaxation of the intestine by the adenosine content of the blood. The assays ignore 
the fact that the ‘adrenaline’ released from the medulla contains a certain percentage of nor- 
adrenaline. The potency of the two amines on the rabbit’s intestine, however, is not very different, 
so that the method gives an estimate of the total amines which is sufficiently accurate for the present 
purpose, 
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Chemical estvmations. Blood sugar was estimated by the method of Hagedorn & Jensen (1923), 
and amino-acids by Danielson’s (1933) modification of Folin’s amino-acid-N method, using unlaked 
blood. 

} of drugs for injection. The Na salt of ATP was prepared by dissolving the Ba salt 
in ice-cold 0-1 u. HCl and precipitating the Ba with saturated Na,SO, solution. The pH was then 
adjusted to 6-5 with NaOH. The Na salt of ADP was obtained by suspending the acridine salt 
(Baddiley & Todd, 1947) in water, adding Na,CO, solution till the yellow colour just disappeared, 
and removing the acridine with ether. Impurities were centrifuged off and the supernatant was freed 
from traces of Ba with a drop of Na,SO,. The tonicity of the solution was adjusted by adding NaC. 


RESULTS 
Production of cortical hormone by the perfused adrenal gland 
Before the effect of any substances on adrenal secretion could be tested it was 
necessary to know whether the blood leaving the isolated adrenal gland con- 
tained cortical hormone in a concentration detectable by the assay. If the 
answer was positive, it was, further, important to ascertain whether the secretion 
was steady throughout a prolonged perfusion, so that changes in hormone yield 
following administration of a drug could be attributed to the action of the drug. 

When put to the test, both these conditions were found to be fulfilled. In 
fifty-eight of sixty-eight perfusions, the suprarenal effluent, tested before the 
addition of any drug to the perfusion fluid, contained measurable amounts of 
hormone. In eight of the remaining experiments, though the cortical activity 
was at first below threshold, it rose above threshold after the administration 
of drugs. Only twice was there no hormone in any sample. Similar results had 
been obtained when the adrenal blood was examined in the whole or in the 
eviscerated animal: the concentration of cortical hormone in adrenal venous 
blood was usually above the threshold of the test except in a few instances of 
very rapid blood flow. 

In an attempt to determine whether or no the perfused gland secretes at the 
same rate as the gland in situ, comparison was made in five perfusions of the 
activity of adrenal effluent with that of commercial cortical extract (‘Eucor- 
tone’, Allen and Hanbury). This extract contains per ml. the hormone from 
56 g. beef adrenal. Thus it is possible to express the minute output of a perfused 
gland in terms of the hormone content of a certain quantity of beef adrenal. 

An example is shown in Fig. 2. The first and second columns represent the activity of two 
samples of adrenal plasma, the third and fourth that of two doses of eucortone dissolved in plasma 
prepared from perfusion fluid. Column 5 is the control, showing the survival time after injecting 
the same plasma without the cortical extract. Samples 1-4 cause highly significant prolongation 
of the rats’ mean survival times, and the activity of the adrenal blood lies between those of the two 
doses of Eucortone. Assuming, as warranted by previous experiments, a linear relationship between 
log dose and response, and taking the mean of samples 1 and 2 as adrenal activity, calculation 
shows that 1 ml. adrenal plasma has the potency of 0-056 ml. Eucortone or 3-1 g. extracted gland, 
and that the output of the gland per minute is contained in 4-2 g. beef adrenal. This quantity was 


produced by a gland weighing 0-47 g. Per g. tissue, the out min. is therefore equivalent to 
nearly 9 g. beef adrenal. eis 
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), The rate of secretion in the five perfusions, per min. and per g. adrenal, 
ed averaged 6-5 g. (Table 1). The mean output found for seven glands examined 
“a in situ and not under the stimulating influence of adrenaline was 7-0 g. The 
table shows that only occasionally does a gland in situ produce appreciably 
3 more hormone than the perfused organ. 
14 
Cl. 
13 
12 
‘as 1 
n- 11 
he 9 
on 10 
ald 
in 
the 
of 
ity 
ion 7 
ad 
a | Fig.2. Wig. 2, 
rot Fig. 2. Exp. 133, dog, 6-4 kg. Chloralose. Perfusion of left adrenal. Columns: mean survival time 


of groups of rats injected with the sample indicated at the foot of the column. 0-4 ml. plasma 
given at each injection. Perfusion pressure 54 mm. Hg. Samples 1 and 2 collected for 20 min. 
the Sample 1. Adrenal plasma. Blood flow 1-23 ml./min. Sample 2. Adrenal plasma collected 
the immediately after sample 1. Sample 3. Plasma prepared from perfusion fluid and containing 
= 3˙7 0% eucortone. Sample 4. As sample 3, but with 11-2% eucortone. Sample 5. As sample 
4 3, without eucortone. 
3 Fig. 3. Exp. 116, dog, 11 kg. Pentobarbitone. Perfusion of left adrenal. Columns: mean survival 
time of groups of rats injected with the sample indicated at the foot of the column. 0-4 ml. 


. plasma given at each injection. Glucose added to the reservoir after collection of sample 2. 
two Sample 1. Plasma from adrenal blood collected during the 11th-26th min. of perfusion. Blood 


sma glucose 92 mg.%. Blood flow 1:3 ml./min. Sample 2. Plasma from adrenal blood collected 
‘ting during the 34th-49th min. of perfusion. Blood glucose 221 mg.%. Blood flow 1-3 ml./min. 
ition Sample 3. As sample 2, but during the 79th-94th min. of perfusion. Blood flow 1-1 ml./min. 
two Sample 4. Plasma prepared from perfusion fluid. 

ween 

stion A number of experiments provided evidence that, within the error of the 
and, assay, the minute output of the perfused gland remains steady if the composi- 
55 tion of the perfusing blood is not altered. Two consecutive samples, obtained at 


the beginning of a perfusion, always contained the same amount of hormone, 
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provided the precaution was taken not to collect the first sample before the 
blood flowing through the gland had been at body temperature for about 
15 min. Furthermore, if the perfusion was prolonged for a period of an hour 
and a half, this alone did not produce a change in hormone yield, This fact is 
illustrated by Fig. 3. In this experiment, samples 1-3, each collected for 15 
min., show indistinguishable activities, though sample 1 was started 11 min., 
and sample 3, 79 min., after the onset of perfusion. (Between samples 1 and 2 
the blood glucose had been increased without any effect on hormone production.) 


Tanz 1. Rate of cortical secretion per min. per g. adrenal 
(Expressed as weight of adrenal tissue (‘g. gland’) containing the same activity.) 


Isolated dog’s gland perfused with — 
Dog's gland in situ with Blood — dog physectomized dog 
No.of exp. g. gland’ Mean No. of exp. g. gland Mean No.of exp. g. gland Mean 
67 176 4-6 212 3-4 
71 194 5-4 210 8-0 71 
57 130 6-2 6-5 261 10-0 
69 70 262 75 
mt 133 8-9 
77 
73 


Comparison of activity of extracts with that of pure steroids. Expression of the 
potency of blood in terms of extracts of variable composition can only be very 
approximate, and it was hoped that more accurate figures would be obtained 
by using Kendall’s compound E as a standard. In comparing the protection 
afforded the rats by compound E and by cortical extracts it was found that the 
slopes of the dose-response curves were not the same. Both dose-response 
curves have a linear portion if the mean survival times are plotted against the 
log dose. In spite of this, not only were the slopes different for the extract and 
for the pure steroid, but in one batch of animals the slope was large for com- 
pound E and small for the extract, whereas in another batch the reverse was 
true. Shortage of material prevented analysis of the significance of these 
differences in slope, but it is likely that they are an expression of the fact that 
the physiological action of whole extract differs fundamentally from that of the 
single steroid. } 

Similar discrepancies between regression lines for extracts and cortical 
steroids were observed by Olsen, Jacobs, Richert, Thayer, Kopp & Wade (1944) 
when applying a test based on glycogen deposition in the liver of rats. In the 
hands of Dorfman, Ross & Shipley (1946) a modified test on mice gave parallel 
regression lines. Their slope, however, was so small as to limit the practical 


value of any comparisons. 
It is obvious from these findings that it is not possible to give a reliable 
equivalent in terms of compound E for the potency of a cortical extract 
in prolonging life at low temperature. As an approximation, however, 
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a figure may be used which was derived from twelve experiments and 
according to which 1 ug. compound E has about the potency of 0-006 ml. 
extract (or 0-33 g. gland). It must be stressed that figures one-half to three 
times that value were sometimes observed. They were, however, always larger 
than that of Dorfman, Shipley, Schiller & Horwitt (1946) who report equal 
deposition of glycogen by 1 ug. compound E and by 0-001 ml. extract. The 
inference is that protection from exposure to low temperature by whole gland 
extracts is not exclusively effected by the compounds which preserve liver 
glycogen. 

Deoaxycorticosterone esters. There is other evidence in support of this view. 
It is possible to increase the resistance of adrenalectomized rats to cold en- 
vironment by the administration of DOCA (deoxycorticosterone acetate). In 
experiments of short duration, this compound is devoid of any action on glyco- 
gen storage; it is not present in watery extracts and is known to be particularly 
potent in maintaining adrenalectomized animals not exposed to stress. As 
a standard of cortical activity in the acute stress of the ‘cold test’ it was, 
however, found to be quite unsuited, and for two reasons: if given in the same 
way as the water soluble extracts, i.e. during the first hours of exposure to low 
temperature, it will not protect. If treatment is started at least 1 day before 
the exposure, protection is afforded, but its degree is independent of the dose 
given. 

The long latent period may represent an objection to the view that DOCA 
itself is effective in protecting rats kept at low temperature. Though its slow 


action is usually explained by its low solubility, it might be due to its gradual 


oxidation in the body to some active compound. Some information on this 
point was sought in experiments on water-soluble deoxycorticosterone esters. 

The substances used were a phosphate ester (as sodium salt) described by 
Reichstein & Schindler (1940) and prepared by the Organon Laboratories, and 
a glycoside described by Miescher, Fischer & Meystre (1942) and prepared by 
Ciba. The phosphate ester did not protect rats from the effect of low tempera- 
ture in a (total) dose of 10, 24, 60 or 96 g., and caused a significant shortening 
of survival time at a level of 360 yg., a level at which the acetate affords pro- 
tection. The result with the glycoside was that protection did occur, provided 
no less than 0-4-0-6 mg. (total dose) were given, but that on further increase 
of the dose the effect became smaller again, probably as a result of the anaesthe- 
tic property of large quantities. 

The observations on these esters in the ‘cold test’ are in good agreement with 
previous work using other tests. Lack of beneficial action of the phosphate has 
been reported by Ingle (1941) when testing the work performance of the rat's 
gastrocnemius. Meier, Gysel & Müller (1944) found the glycoside valuable in 
adrenalectomized dogs suffering from severe signs of deficiency. 

The fact that deoxycorticosterone glycoside is active without latent period 
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supports the interpretation that the lag seen between administration of DOCA 
and its effect is, in part, due to its slow absorption. On the other hand, the 
complete absence of activity of the phosphate ester, and the high dose required 
of the glycoside, show that the activity of different esters of deoxycorti- 
costerone is not entirely a function of their solubility. The same conclusion 
has recently been reached by Cosmos, Duell & Gaunt (1950). | 

Obviously, neither compound E nor deoxycorticosterone esters have the 
same effect as whole gland extract on the survival of adrenalectomized rats 
kept at low temperature. In this work it has, therefore, been assumed that the 
best provisional ‘standard’ for the activity of adrenal blood is whole gland 
extract. The results will have to be supplemented by chemical identification 
of the secreted steroids as soon as chemical micromethods applicable to blood 
are available. 
Effect of adrenocorticotrophic hormone (ACTH) 

In the whole animal a single injection of ACTH causes rapid changes in the 
adrenal cortex, such as loss of ascorbic acid and sudanophilic material. The 
effect of adding ACTH to blood perfusing the isolated adrenal has been briefly 


Tana 2. Effect of ACTH on secretion of the isolated adrenal 


1 Rate of cortical 
No. of exp. 100 ml. blood Batch secretion Remarks 
212 12 B Delayed increase - Blood from hypophysec- 
tomized donor 
258 18 D Delayed increase 
226 24 C Immediate increase 
209 26 0 Immediate increase Blood from normal donors 
225 36 O Immediate increase 
198 ot A Immediate 


reported in a previous paper (Vogt, 1947). Except for one perfusion in which 
vasoconstriction, due to contamination of the ACTH with posterior lobe 
hormone, was so severe as practically to arrest the blood flow, the rate of secre- 
tion was increased ; four times immediately, twice after a delay of about 15 min. 
(Table 2). The delayed responses appeared to be associated with.smaller doses, 
but since different preparations were used in the course of time, this conclusion 
is not certain. In two experiments there was evidence that the effect of the 
ACTH lasted as long as it was supplied, but evanescent responses were also 
seen. They may, of course, be due to the limited viability of the isolated organ. 
No quantitative estimations of the increase in cortical output were made, but 
the order of magnitude was that of several times the original level. 

In the experiments discussed so far, the glands were perfused with blood 
obtained from normal dogs under ether anaesthesia. Such blood will presumably 
contain ACTH released by the ether. This assumption is based on the know- 
ledge that ether anaesthesia is associated with signs of increased activity of the 
adrenal cortex such as hyperaemia (Sjéstrand, 1934) and loss of ascorbic acid 
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(Sayers & Sayers, 1948), which may be attributed to secretion of ACTH. It 
was important to know whether the normal adrenal depends on this ACTH for 
its function. This point was investigated on three normal glands perfused with 
blood from hypophysectomized dogs. Both anterior and posterior lobes were 
removed. In two experiments, small fragments of the pars tuberalis were 
spared ; in the third, cauterization of the region of the stalk destroyed the pars 
tuberalis completely. The effectiveness of the operation was shown in this last 
animal which was kept alive for 8 weeks, and in which the adrenals had 
atrophied to a fraction of their normal size. Histologically, the cortex consisted 
mainly of a well-developed zona glomerulosa whilst the other two layers had 
shrunk to a narrow band. The weight of the left gland (cortex and medulla) 
was 0-0021% of the body weight, whereas the mean in thirty-nine normal dogs 
of the same sex (male) was found to be 0-0053% (range 0-0031-0-0103 %). 

The results of the three perfusions with blood nearly or entirely free of ACTH 
are given in the last three columns of Table 1. The minute output of the three 
glands falls within the range of output obtained in perfusions with blood from 
normal dogs, and also within the range of the figures for those experiments in 
situ in which stimulation by the release of adrenaline had been prevented. The 
highest yield was seen in Exp. 261, in which the perfusing blood had been taken 
from the dog hypophysectomized 8 weeks before use and completely lacking in 
pars tuberalis. 

It follows from these experiments that the dog’s adrenal cortex does not stop 
or even greatly reduce its secretion for a period of at least 2 hr. after withdrawal 
of ACTH, but that supplying it with ACTH causes an immediate rise in hor- 
mone production. The effect of chronic lack of ACTH on output of cortical 
hormone is dealt with in another paper (Pickford & Vogt, 1951). The fact that 
removal of the pituitary is not followed immediately by a cessation of adreno- 
cortical activity was confirmed in two experiments carried out on decapitated 
dogs. The output per min. and per g. adrenal tissue was 2-2 g. gland-equivalent 
in the first and approximately 10 g. in the second animal. Whether there are 
qualitative differences in the steroids secreted when ACTH is present or absent 
from the blood, will have to be determined when chemical methods become 
available. The rise in output following the addition of ACTH has recently also 
been observed by Hechter (1949) in perfused ox adrenals, using the periodic 
acid method of corticoid estimation. Hechter’s results differ from the experi- 
ence in the dog in that he obtained no evidence of cortical secretion when he did 
not add any ACTH. 


Effect of body constituents other than ACTH 
The adrenal cortex plays a role in the conversion of body protein into carbohy- 
drate and in the preservation of liver glycogen, particularly in the fasting state. 
For these functions the integrity of the pituitary gland is essential, and the 
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blood level of some substance or substances must be the stimulus which causes 
the release of ACTH. It is, however, possible that this is not the only way in 
which the cortex adapts its secretion to the metabolic requirements of the 
organism, for the blood level of the same or of some other substances may exert 
a direct effect on cortical activity. The perfusion technique was used in order 
to investigate this problem. In several instances in which no such direct action 
was found, experiments were carried out using the same compounds in the 
eviscerated animal in order to see whether they caused cortical stimulation 
by releasing ACTH. : 

Glucose. After the collection of one or more samples of adrenal blood, 
glucose was added to the reservoir so as to increase the blood sugar by an average 
of 110 mg. % (range 80-185 mg. %). The initial blood sugar in such perfusion 
systems is usually low (average of 64 mg. 90), as a result partly of dilution of the 
blood, and partly of glycolysis proceeding while the blood is circulating in the 
pump. In seven experiments, no significant changes in rate of cortical secretion 
were produced by adding the glucose. One experiment is illustrated in Fig. 3. 
Column 1 is the survival time resulting from injection of a control sample of 
adrenal plasma while the perfusing blood contained 92 mg. % glucose. Sample 2 
was taken immediately after the blood glucose had been raised to 221 mg. %, and 
sample 3 half an hour later. There was no significant change in cortical activity. 

The addition of glucose was sometimes followed by a dilatation, and some- 
times by a constriction of the adrenal vessels. 

A rise in the blood sugar, therefore, did not produce any direct effect on the 
rate of cortical secretion, even if the perfusions were started at low blood sugar 
levels. 

Lactate. Racemic lactic acid was added to the perfusing blood in two ex- 
periments. The doses were 102 and 148 mg. of the sodium salt per 100 ml. 
blood. Such concentrations are found in blood after exercise. The hormone 
production of the perfused adrenal was not affected by the lactate. Vasodilata- 
tion was observed each time. 

Amino-acids. In view of the fact that, whenever conversion of protein into 
carbohydrate takes place, free amino-acids are probably transported from the 
tissues via the blood stream, the possibility that some of them may play a role 
in the control of cortical secretion was tested both on the isolated preparation 
and on the gland in situ. 

Experiments on the perfused adrenal were carried out with glycine, alanine 
and cystine. Cystine only dissolves in alkaline or acid solutions, and in order 
to maintain the pH of the blood, half the cystine was dissolved in 0-5 x- NaOH 
and the other half in 0-5 n-HCl. Both solutions were added slowly with stirring 
to the blood in the reservoir. 

The experiments are summarized in Table 3 and an assay is illustrated in 
Fig. 4. Neither the samples taken as soon as the amino-acid had reached the 
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gland, nor those collected after longer intervals, showed any change in the rate 
of production of cortical hormone. 


TABLE 3. Experiments on the addition of amino-acids to blood perfusing the 
isolated adrenal gland. Output of cortical hormone unaffected 


Dose (g./100 ml. blood NHN acid and 
No. ofexp. Amino- acid used mg./100 f.) of sample (min.) 

146 Glycine 0-118 22 4 

25 

47 

133 Glycine 0-19 36 4 
132 Alanine 0-10 : 15 4 

T 176 _ Alanine 0-255 40 10 
46 

68 

130 Cystine 0-081 9-5 4 


It follows from these observations that glycine, alanine and cystine do not 

exert any direct action on the output of hormone by the adrenal cortex. The 
) question, however, remained to be settled whether amino-acids might not alter 
cortical secretion by causing the release of ACTH. This possibility was tested 


10 


Samples 


Fig. 4. Exp. 176, dog, 12 kg. Perfusion of left adrenal. Columns: mean survival time of groups of 
rats injected with the sample indicated at the foot of the column. Alanine (0-255 g./100 ml. 
blood or 40 mg. % NH, N) added to the reservoir after collection of sample 1. 0-45 ml. plasma 
given at each injection. Perfusion pressure 57 mm. Hg. Samples collected for 15 min. Sample 1. 
Adrenal plasma, control sample. Blood flow 1-8 ml/ min. Sample 2. Adrenal plasma, 
collected 10 min. after the addition of alanine. Blood flow 1-7 ml./ min. Sample 3. Adrenal 
plasma, 48 min. after the addition of alanine. Blood flow 1:7 ml./min. Sample 4. Adrenal 
plasma, 68 min. after the addition of alanine. Blood flow 1-1 ml./min. Sample 5. Plasma 

\ prepared from perfusion fluid. 

on the eviscerated dog, in which high blood levels of amino-acids are more 

= easily obtained than in the intact animal, the liver being excluded from the 

c circulation. The quantities of amino-acids given per kg. body weight, 150-240 

mg., represented the amount of amino-N contained in 4-6-7-4 g. of meat. 

' ‘Equal’ doses of different acids are doses containing the same amount of NH,-N. 

> {  Estimations of the blood amino-acid-N were carried out on arterial blood taken 
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at the times at which the samples of adrenal blood were being collected. Most 


assays of cortical activity were done about 45 min. after the end of the infusion, 
when the blood amino-acid-N was found to lie between 20 and 59 mg./100 ml. 
Such levels do occur in some diseases. 


11 


6 1211 3 
Samples Samples 
Fig. 5. Fig. 6. 

Fig. 5. Exp. 147, dog, 12-6 kg. Chloralose. Evisceration and cannulation of left adrenal vein. 
Columns: mean survival time of groups of rats injected with the sample indicated at the foot 
of the column. 0-25 ml. plasma given at each injection. Collection time of samples 1-3: 
13 min. Between collection of samples 1 and 2, infusion of 1-2 g. glycine/kg. (224 mg. N/kg.) 
as 2-9 M solution in 54 min. Sample 1. Adrenal plasma, control sample. Blood flow 1:8 
ml./min. Average blood pressure 113 mm. Hg. Sample 2. Adrenal plasma. Collection of 
blood begun 30 min. after end of infusion. Blood flow 1-7 ml./min. Average blood pressure 
88 mm./kg. Sample 3. Adrenal plasma obtained 60 min. after end of infusion. Blood flow 
0-54 ml./min. Average blood pressure 46 mm. Hg. Sample 4. Arterial plasma. Sample 5. 
Arterial plasma containing 8 0% cortical extract. Sample 6. Arterial plasma containing 24% 
cortical extract. — 

Fig. 6. Exp. 170, dgg, 10 kg. Chloralose. Evisceration and cannulation of left adrenal vein. 
Columns: mean ival time of groups of rats injected with the sample indicated at the foot 
of the column. ml. plasma given at each injection. Collection time of samples 1—4: 10 min. 
Between collection of samples 1 and 2, infusion of 1-2 g. alanine/kg. (189 mg. N/kg.) as 0-52 M 
solution in 33 min. Sample 1. Adrenal plasma, control sample. Blood flow 2-8 ml. /min. 
Average blood pressure 102 mm. Hg. Sample 2. Adrenal plasma. Collection of blood begun 
10 min. after end of infusion. Blood flow 3-0 ml./min. Average blood pressure 95 mm. Hg. 
‘Sample 3. Adrenal plasma. Collection of blood begun 45 min. after end of infusion. Blood 
flow 2:3 ml./min. Average blood pressure 72 mm. Hg. Sample 4. Adrenal plasma. Col- 
lection of blood begun 68 min. after end of infusion. Blood flow 2-2 ml./min. Average blood 
pressure 67 mm. Hg. Sample 5. Arterial plasma. 


The results were baffling at first, in that in a number of experiments increased 
production of cortical hormone was observed, but this increase was delayed by 
a period of 45-60 min. and was difficult to correlate with the nature of the com- 
pound used. 

Two examples are shown in Figs. 5 and 6. Fig. 5 illustrates the rise in hor- 
mone output occurring 60 min. (column 3) but not 30 min. (column 2) after an 
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infusion of glycine. The size of the increase can be assessed by comparison with 
columns 5 and 6, sample 5 being arterial plasma containing 8%, and sample 6 
the same plasma containing 24 % commercial cortical extract. The increase pro- 
duced by trebling the dose of extract is smaller than is the difference between 
columns 2 and 3, so that we may assume the hormone content of sample 3 to 
be at least three times that of sample 2. In Fig. 6 the time course of hormone 
secretion is shown in an experiment with alanine. A rise in hormone production 
is present 45 and 68 min. (columns 3 and 4), but not 12 min. after the infusion 
(column 2). The contrast between this experiment and the one carried out with 
the same amount of alanine on the perfused gland (Fig. 4) is striking. 

The delay might be explained on the assumption that any effect requiring 
the release of ACTH takes time to develop. This argument, however, became 
less convincing when it appeared that adrenaline, which causes almost im- 
mediate increase in cortical activity, does so mainly through the release of 
ACTH. Some secondary change, requiring time for its development, appeared 
to be responsible for the effects observed. There was some correlation of the 
effect with the dose and the speed of administration. One set of eight experi- 
ments was done with high doses (190-240 mg. NH,-N/kg.). Glycine and alanine 
were used, since these were the only compounds of which large doses were 
available. In six of these experiments, the delayed rise in cortical secretion was 
obtained. In the two in which no rise occurred the speed of infusion had been 
slower than in the other six. 

A second set of experiments, six in number, was carried out with the same 
amino-acids, but using a quantity of 150 mg. NH,-N/kg. Only twice was the 
rate of hormone production increased. Other amino-acids were tried at the 
same dose level in twelve experiments: stimulation of the cortex occurred when 
glutamate and aspartate were used, and on one of the three occasions when 
histidine was employed. Valine and leucine were invariably inactive. The 
result thus appeared to depend on the chemical nature of the compound. One 
difficulty, however, about that interpretation arises from the different solu- 
bility of the amino-acids. Leucine, for instance, had to be administered at a 
lower molar concentration than the other acids, so that the effect of the 
tonicity of the solutions had to be taken into account. This was the more 
essential, since the majority of stimulating effects on the cortex had been 
obtained with hypertonic solutions of a tonicity of 1 N and more. The effect of 
tonicity was tested by comparing the effects of 0-19 m-leucine and 0-19 M- 
alanine. Stimulation of the adrenal cortex was only seen after the administra- 
tion of 0-19 m-alanine, but not consistently enough to dispel any doubts 
as to whether tonicity affected the results. Evidence was therefore sought 
in another way. Hypertonic solutions of sucrose, a compound which will not 
undergo chemical reactions in the body, were infused in order to see whether 
or no this would duplicate the effects of equimolar amino-acid solutions. 
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The amount used was 7°5 g./kg. which is equivalent to amino-acids at a dose 
level of 150 mg. NH,-N/kg. The concentration was 50% or 1-46 m. The diuresis 
produced by the sucrose was much greater than that observed after infusion of 
the amino-acids, and the tissue dehydration must have been correspondingly 
more severe. None the less, the delayed increase in cortical secretion did not 
occur. Immediate rises, so small that statistical analysis suggested that they 
might be due to chance, were the only changes observed. 

It is apparent from this survey that some amino-acids, if they are rapidly 
infused in large doses at high concentrations, are able to cause an increased 
secretion of cortical hormone after a latent period of about 45 min. The fact 
that glutamate, aspartate and alanine are more potent in this respect than some 
other amino-acids, may be related to their particular metabolism in the body. 
The necessity, however, of using high doses and concentrations relegates these 
effects to the category of toxic rather than physiological actions cf those 
compounds. 

Adenosinetriphosphate (ATP) and related compounds. Secretion of the adrenal 
cortex is dependent on continuous synthetic processes, since the stores of active 
hormone in the gland are so small that they would be depleted in a fraction of 


TaxILA 4. Effect on rate of secretion of cortical hormone of adenosinetriphosphat 
(ATP) and related compounds 
Hormone content 
7 A — Collection 
Immediately time of 
No. of exp. Compound used During infusion after infusion Later samples (min.) 

242 ATP Normal Increased Normal |; 12 
245 ATP Increased Increased Normal 17 
248 1 Normal Increased j 15 
252 CrP Normal Increased Decreased 12 
253 CrP Increased Normal Normal 13 
262 ADP Normal 5 25 
264 ADP . Normal Normal 14 
266 ADP Increased ? Normal Normal 15 
248 Na,HPO, Decreased Normal . 15 
269 Adenosine Normal Normal 15 
273 Adenosine Normal Normal 12 


‘Normal’ stands for the rate of hormone secretion observed before the infusion. 
ATP was given in a dose equivalent to 100 mg. of the di-barium salt, Na, HPO, 12H, O in a dose 
of 137 mg., and the remaining substances in amounts equimolar to 100 mg. Ba, ATP. 


a minute if new formation were not taking place (Vogt, 1943). It is, therefore, 
not surprising to find that the oxygen consumption of the gland is among the 
highest occurring in the body, and it seemed possible that compounds which 
would supply the gland with readily available energy would accelerate its 
secretion. The compounds tested were ATP and creatine phosphate. Control 
experiments were carried out with inorganic phosphate, adenosine and adenosine 
diphosphate (ADP). Since some of these substances are not stablé in blood, 
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they were all given by slow infusion straight into the tip of the arterial cannula. 
The infusion rate was so chosen that the total dose was administered during the 


| time required for collection of one sample of adrenal 


blood (12-25 min.). All phosphates were converted 
into sodium salts before use. 

A first experiment with 20 mg. of Ba,ATP 
(approx. 12 mg. free acid) gave a doubtful increase 
in hormone production during and following the 
infusion. When five times that dose was used, the 
increase in secretion was significant and occurred 
either during or immediately after the infusion, or 
at both periods (Exps. 242, 245 and 248 of Table 4). 
Once all the ATP had been infused, the effect did 
not persist for more than a quarter of an hour (see 
also Fig. 7). Two experiments with creatine phos- 


ADP, however, produced either no change or a 
doubtful increase in hormone only. Finally, adeno- 
sine and inorganic phosphate were devoid of any 
accelerating effect on hormone synthesis. Na,HPO,, 
in fact, inhibited secretion in a gland which, later 
in the same experiment, was stimulated by ATP. 
The effect on hormone production is thus confined 
to compounds bearing labile high-energy phos- 
phate bonds. 

Adrenaline. The rapid stimulation of cortical 
secretion obtained in the intact or eviscerated dog 
by infusions of adrenaline (Vogt, 1944) might be 
interpreted as a direct stimulation of cortical tissue 
or as an indirect effect, possibly mediated by the 
pituitary. The full discussion of this problem is the 
subject of aseparate paper (Pickford & Vogt, 1951). 
The present section will only be concerned with the 
results on the perfused gland. 


Special precautions have to be taken in assessing 
the effect of adrenaline in the perfused preparation. 


Samples 


: Fig. 7. Exp. 245, dog, 8-8 kg. 
phate gave essentially the same result. Infusions of cians or ua 


adrenal. 
Columns: mean survival time 
of groups of rats injected with 
the sample indicated at the 


ed for 17 min. Sample 1. Ad- 


collected during ATP infu- 


sample 2, Blood flow 1-5 ml./ 
min. Sample 4. Adrenal plasma, 
collected immediately after 
sample 3. Blood flow 1-4 ml. / 
min, Sample 5. Plasma pre- 


pared from perfusion fluid. 


As in other perfusion experiments, the gland under observation must not 
have been subjected to adrenaline released by stimulation of the splanchnic 
_ nerves for some time before perfusion is started. In addition, the blood 
used to fill the pump must be adrenaline-free. Since adrenaline keeps well 
in shed blood, and since it is always contained in blood obtained from a 
normal anaesthetized animal, the usual method of bleeding at the beginning of 
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foot of the column. During | 
collection of sample 2, slow 
infusion, into the tip of the 
arterial cannula, of NaATP, 
prepared from 100 mg. of Ba | 
salt. 0-35 ml. plasma given at 
renal plasma, control sample. 
Blood flow 1-7 ml./min. 
Sample 2. Adrenal plasma 
— 
sion. Blood flow 1-2 ml. / min. 
| Sample 3. Adrenal plasma, 
collected immediately after 
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the experiment and filling the pump with that blood cannot be used. The pro- 
cedure adopted was to anaesthetize the animal, make a laparotomy, sever the 
splanchnic nerves, wait for a quarter of an hour and then take the required 
amount of blood from the carotid artery. This assured both perfusion with 
adrenaline-free blood and prevention of stimulation by endogenous adrenaline 
of the adrenal to be perfused. Further, in order to ensure comparable blood 
flows during the collection of the samples from the perfused gland, the perfusion 
pressure was raised as soon as the vasoconstriction caused by the drug became 
noticeable, 

In the first two experiments, with a dose of 4-1 Ag. adrenaline per 100 ml. 
blood, a sustained rise in secretion occurred after the drug had been added. 
Only later, when further experiments did not confirm these observations, did 
it become evident that this effect might have been due not to the adrenaline, 
but to failure to allow a sufficient period of time for the gland to warm up and 
secrete steadily before taking the control sample. In a further series of seven 
experiments, and with doses ranging from 2 to 150 fg. / 100 ml. blood, there 
was no evidence of accelerated hormone production after adding the adrenaline. 
There were two alternative explanations of this result. Either the adrenaline 
did not produce its effect in the whole animal by direct action on the cortex, or 
such a direct action was only obtained at a high level of circulating ACTH, 
such as might be expected to exist in the experiments on the gland in situ. In 
another experiment, therefore, ACTH (Armour) was added to the perfusing 
blood, the dose being equivalent to 12-2 mg. of Armour’s standard per 100 ml. 
blood. This caused a rise in output of cortical hormone which, however, was 
not increased further by the addition of 20 ug. adrenaline per 100 ml. of 
perfusing blood. Thus, adrenaline does not increase the rate of output of cortical 
hormone in the isolated preparation. 

Hechter (1949) has reported a similar failure to stimulate perfused ox and 
sheep adrenals with adrenaline. 

Ascorbic acid. Sayers, Sayers, Liang & Long (1945) have shown that con- 
ditions which augment the output ef cortical hormone are accompanied by 
a simultaneous fall in cortical ascorbic acid. It was, therefore, of interest to see 
whether raising the level of ascorbic acid in the blood would affect the secretion 
of the isolated adrenal. In one series of experiments, doses varying between 
2-5 and 4:4 mg. ascorbic acid per 100 ml. blood were added to the reservoir of 
the pump; in a second series, the vitamin was slowly infused into the arterial 
cannula in order to expose the gland to the ascorbic acid for a limited period of 
time. The experiments were carried out both with the free acid and with freshly 
prepared solutions of sodium ascorbate. None of the procedures produced 
consistent changes, though a diminished secretion was sometimes seen. These 
falls, however, did not occur always at the same time after the administration 
of the ascorbic acid, so that their meaning remains doubtful. 7 
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A few experiments were carried out on the eviscerated dog in order to find 
out whether a sudden increase in blood ascorbic acid would have any effect on 
the gland in situ. The doses used, 6 and 15 mg./kg., were comparable with those 
given intravenously to patients suffering from rheumatoid arthritis. They were 
neutralized with NaHCO, immediately before use. 

No significant changes in the rate of cortical secretion were observed. In all 
four experiments, however, a slight prolongation in the rats’ survival times 
resulted from the injection of the samples collected 6-10 min. after the infusion 
of ascorbate. The effect was always evanescent and was too small to be de- 
finitely established. 

Plasma electrolytes. Adrenalectomy, in the absence of corrective feeding, is 
known to cause a rise in serum K and a fall in serum Na. After hypophysectomy, 
the changes in salt metabolism are much less conspicuous than after adrenal- 
ectomy. This fact has suggested to several authors that the effects of the 
adrenal on electrolyte metabolism are not mediated by the anterior lobe. 
Histological evidence in favour of this hypothesis has been found by Deane, 
Shaw & Greep (1948). These workers kept normal and hypophysectomized rats 
on a diet deficient in Na and observed identical histological changes in the 
adrenal cortex (zona glomerulosa) of both groups of animals. The experiments 
described in this section are an attempt at gaining direct evidence whether the 
cortex of the isolated adrenal is able to adapt its rate of secretion to changes in 
the Na/K ratio of the perfusing blood. 

In a first group of experiments, the change in the electrolyte composition of 
the blood was made to resemble that in adrenalectomy, i.e. excess of K and 
lack of Na were present simultaneously. The changes were produced by using 
a double perfusion pump and dividing the perfusing blood into two portions. 
One pump was filled with the first portion of blood which had been diluted with 
a certain amount of normal Locke’s solution, the other with the second portion 
of blood diluted with the same amount of a ‘Locke’s’ solution, in which part 
of the Na had been replaced by K. Before diluting the blood, the plasma volume 
was determined in a haematocrit tube; the quantities of salt solution added 
varied between 10 and 50% of the plasma volume. 

The result of switching over from pump 1 (normal Na /K ratio) to pump 2 
(low Na/K ratio) was, in four of the five experiments, a significant increase in 
hormone production. The change took place immediately, and the rise was 
usually kept up as long as the experiment lasted, which was from 25 to 44 min. 
after the switch-over. Once the rate of secretion reverted to its original level 
24 min. after lowering the Na/K ratio. One of the assays (Exp. 4 of Table 5) is 
represented in Fig. 8. By lowering, between the collection of samples 2 and 3, 
the Na/K ratio from the normal figure of about 45 to 11-5, the rate of secretion 
was increased for the duration of the collection of the next two samples 
(25 min.), at which time the experiment was terminated, The data on * * 
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kations are found in Table 5, Exps. 1-5. The experiments are arranged in order 
of decreasing abnormality of the blood. Only in the last experiment, in which 
the Na deficit and the K excess were 5 m. equiv./l. (Na /K ratio of 17), was there 
no change in hormone production, or at least none which could be detected by 
the biological assay. The first row of the table gives the figures for plasma 
electrolytes in the normal dog published by Muntwyler, Mellors & Mautz (1940), 


Tax 5. Changes in cortical secretion produced by varying the Na /K ratio of the plasma 
M.equiv./1. plasma 


— Increase 
Na* Na’ in 
Total Na* deficit Total K* K* excess K* hormone 
Normal dog 148 3-3 ; 44-7 - 
Adrenal- (Range: 125-139 923 38-180 05-147 37-7 . 
1s 86 68 165 è 
Exp. 1 (239) 125 23 24 260 
Exp. 2 (241) 133 15 20-0 16-7 6-7 + Na 
Exp. 3 (246) 136 12 169 136 81 replaced 
Exp. 4 (247) 140 5 12-2 89 WS — |byKt 
Exp. 5 (249) 143 5 8-5 8 166 
Exp. 6 (259) 137 11 15-7 12-4 8-7 + \ 
Exp. 8 (255) 144 4 14-7 114 9˙8 (+) | 
Exp. 9 (190) 148 0 10-4 7.1 142 a 
Exp. 10 (2651) 136 12 3-9 0-6 — Na* replaced 
Exp. 11 (257) 118 30 3-8 0-5 31-5 — by sucrose 
1 Eleven dogs. 


the Na and K of the normal blood used to fill the pumps was that of the first 
row of the table. It will be seen that the electrolyte values of the second 
experiment are on the fringe, and those of the following experiments well 
within the range of values observed in adrenalectomized dogs. By reproducing, 
therefore, in a perfusion experiment the electrolyte imbalance of adrenalectomy, 
the rate of cortical secretion is increased. The effect ceases to be detectable if 
the Na/K ratio is greater than 11-5. 

In these experiments, the stimulation of cortical activity may be due to 
several factors: to lack of Na, to excess K, to an additive action of the two 
conditions, or to the altered Na/K ratio. A number of experiments were 
designed in order to decide between some of these alternatives. In a group of 
four perfusions, the plasma K was increased by adding a solution of KCI to the 
perfusing blood. In this way, the sodium deficit produced was negligible in 
Exps. 7-9 and small in Exp. 6 in which there was a fall in plasma Na of 11 
m. equiv./l. 

The result of adding KCl was the same as that of replacing Na by K. A rise 
in hormone production was observed, provided the amount of K added was 
greater than 7 m.equiv./l. or the Na / K ratio smaller than 14-2. Fig. 9 illustrates 


| and the second row their observations on adrenalectomized dogs. The plasma 
electrolytes in the perfusion experiments are calculated on the assumption that. 
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one of those results (Exp. 7). The close resemblance to Fig. 8 (Exp. 4) is obvious. 
The duration of the rise in hormone production after the addition of KCl was 
the same as in the previous group. Hypertonic solutions of KCl having been 
used in Exps. 7-9 in order to minimize the Na deficit, a control was done with 
an isotonic eolution in Exp. 6. The rise in hormone secretion occurred as usual, 
demonstrating that the tonicity of the solution was irrelevant to the effect. 


Samples 


Fig. 8 Fig. 9 
Fig. 8. Exp. 4 (247), dog, 8-3 kg. Perfusion of left adrenal. Columns: mean survival time of groups 
of rats injected with the sample indicated at the foot of the column. Between samples 2 and 3, 
switch over to perfusion with blood with a Na deficit of 8 and a K excess of 8-9 m.equiv./l. 
plasma (Na/K ratio 11-5). 0-35 ml. plasma given at each injection. Perfusion pressure 
50 mm. Hg. Samples collected for 11 min. Sample 1. Adrenal plasma, control sample 1. 
Blood flow 2-18 ml./min. Sample 2. Adrenal plasma, control sample 2. Blood flow 2-64 
ml. /min. Sample 3. Adrenal plasma, collection started 3 min. after the onset of perfusion 
with blood of low Na/K ratio. Blood flow 2-29 ml./min. Sample 4. Adrenal plasma, collected 
immediately after sample 3. Blood flow 2-41 ml./min. Sample 5. Plasma prepared from second 
perfusion fluid. 
5 Fig. 9. Exp. 7 (260), dog, 10-4 kg. Perfusion of left adrenal. Columns: mean survival time of 
groups of rats injected with the sample indicated at the foot of the column. Between samples 
2 and 3, 0-94 ml. 10% KC1/100 ml. plasma added to the reservoir. 0-2 ml. plasma given at 
each injection. Perfusion pressure 54-64 mm. Hg. Samples collected for 13 min. Sample 1. 
Adrenal plasma, control sample I. Blood flow 1-39 ml. / min. Sample 2. Adrenal plasma, 
control sample 2. Blood flow 1-39 ml./ min. Sample 3. Adrenal plasma, immediately after 
the addition of KCl. Blood flow 1-42 ml./min. Sample 4. Adrenal plasma, immediately 
after sample 3. Blood flow 1-35 ml./min. Sample 5. Plasma from perfusing blood. 


The fact that increased K levels were capable of stimulating cortical secretion 
even if there was no lack of Na, did not necessarily imply that Na deficit might 
not be effective in itself. In fact, the experiments by Deane et al. (1948) on the 
effects of Na-deficient diets suggest such a possibility. In order to lower the 
plasma Na without altering the plasma K, blood was diluted with a ‘Locke’s’ 
solution in which the Na had been replaced by sucrose. The reduction in the 
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Na/K ratio obtainable by this procedure is limited since, in order to obtain 
a ratio of 8 to 9, the plasma would have to be diluted with several times its own 
volume of this modified ‘Locke’s’ solution. Since this would introduce quite 
abnormal experimental conditions, the Na deficit was restricted to a maximum 
of 30 m.equiv. Na/l. This figure is already well outside the range of what has 
been observed in adrenalectomized dogs. Exps. 10 and 11 of the table were so 
designed that perfusion with blood diluted with normal Locke’s solution was 
followed by perfusion with Na-deficient blood. There was no effect on the rate 
of cortical secretion. : 

Thus there remain two possible causes for the rise in adrenal output occurring 
in these experiments; the raised K level and the lowered Na/K ratio. Since it 
is not feasible to vary the two independently without grossly altering the com- 
position of the blood, it cannot be decided which of the two factors is responsible. 


The effect of drugs on the perfused gland 
Of the drugs tested, nicotine and histamine belong to those substances which, 
_ by causing a release of adrenaline from the suprarenal medulla, are bound, in 
the whole animal, to increase cortical secretion through raising the adrenaline 
level in the circulation. Any effect on the output of cortical hormone in the 
perfused gland, however, would have to be attributed to a direct action on 
cortical tissue. 

Nicotine. The effect of nicotine on cortical secretion was tested by injecting 
the drug directly into the arterial cannula of the perfused gland. The fact that 
the venous effluent collected immediately after the injection would contain 
nicotine led to the investigation of the effect of nicotine on the survival time of 
adrenalectomized rats. Contrary to experience with most toxic substances, it 
was found that nicotine exerted a beneficial effect on one strain of adrenal- 
ectomized rats exposed to cold environment, whereas it accelerated the death 
of another strain. The doses used were five injections of 45-25 ug. of nicotine 
acid tartrate. The rats which lived longer under the influence of nicotine were 
of a fast-growing strain which, in the absence of any drug, survived exposure 
to low temperature twice as long as the strain damaged by nicotine. Since 
small doses of nicotine (50-500 fg. / Kg.) are known to increase the spontaneous 
activity of rats (Kuschinsky & Hotovy, 1943), it is likely that it is this increase 
in muscular exercise which protected the rats from the effect of cooling, 
provided they had sufficient energy reserves to cover the caloric requirements 
of the exercise. The rats of the weaker strain were probably lacking in such 
reserves. It is obvious from these observations that all assays of cortical 
hormone had to be done after adjustment of the nicotine content so that samples 
which had to be compared contained the same amount of the drug. 

In six experiments, 0-12-0-50 mg. nicotine acid tartrate was slowly injected 
into the cannula. The blood flow was not greatly affected by the drug. Adrenal- 
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ine secretion into the venous effluent was always observed and ranged from 
54 to 167 yg. (total amount). Cortical secretion remained unaltered during the 
perfusion with nicotine. In the four experiments, however, in which samples 
were also taken when the action of nicotine, as judged by the output of adrenal- 
ine, had nearly or completely subsided, the level of cortical hormone was found 
to have dropped below the ‘basal’ figure. Twice, indeed, no hormone could be 
detected at all. This diminished secretion was observed in samples, the col- 
lection of which was begun 11, 16, and 20 min. after the nicotine injection and 
53-90 min. after onset of perfusion. This fact in itself does not necessarily 
account for a drop in hormone yield, since the secretion usually remains 
constant for an hour and a half (see Fig. 3), but it raises some doubt as to 
whether this delayed fall in secretion is connected with the nicotine injection. 

Figs. 10 and 11 illustrate these observations. In Fig. 10, the effect on the rats 
of adding nicotine to adrenal blood is negligible, as will be seen by comparing 
column 1, which is the survival time obtained by injecting a control sample of 
adrenal plasma, with column 2; obtained by using the same plasma after 
addition of 0-25 mg. nicotine acid tartrate. Each rat received, along with the 
plasma, five doses of 5-5 yg. nicotine salt. Column 3 shows the effect of adrenal 
plasma immediately after intra-arterial injection of nicotine acid tartrate. The 
activity is the same as that of the previous samples. Column 4, however, shows 
a fall in cortical secretion 16 min. later. Yet there is still some hormone present 
as shown by the comparison with column 5 (perfusion fluid) which is signifi- 
cantly shorter. 

An example of rats which are greatly benefited by nicotine is given in Fig. 11. 
As in the previous figure, column 1 represents the effect of a control sample 
of adrenal plasma, and column 2 that of the same plasma containing 0°25 mg. 
nicotine salt. The protection afforded the rats by the nicotine is striking. The 
‘dose per rat was practically the same as in the previous experiment. Column 3 
is the survival obtained with adrenal plasma collected immediately after intra- 
arterial injection of 0-25 mg. nicotine salt. It matches column 2 and not 
column 1. As the sample must contain most of the nicotine injected into the 
cannula, its increased protective power over sample 1 must be attributed to its 
nicotine and not to a larger hormone content. The next column is back to the 
level of column 1. Since an appreciable amount of nicotine can hardly be 
present in this sample, its effect should be compared with that of the nicotine- 
free sample 1. The two effects are not significantly different. Thus, 10 min. 
after the injection of nicotine, cortical secretion is still unchanged. The fol- 
lowing sample however (column 5), collected 20 min. after the injection, and 
53 min. after the onset of perfusion, indicates a significant fall in hormone 
output. 

> Histamine, like nicotine, releases adrenaline from the adrenal 
medulla, but the amount of adrenaline secreted by the gland perfused even with 
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Fig. 10. Fig. 11. Fig. 12. 


Fig. 10. Exp. 109, dog, 10 kg. Pentobarbitone. Perfusion of left adrenal. Columns: mean survival 
times of groups of rats injected with the sample indicated at the foot of the column. 0-35 ml. 
plasma given at each injection. Collection time of samples 1-4, 144 min. Perfusion pressure 
74 mm. Hg. Sample 1. Adrenal plasma, control period. Blood flow 2:3 ml./min. Sample 2. 
Same as sample 1, but 0-25 mg. nicotine acid tartrate added before assay. Sample 3. — 
from adrenal blood collected immediately after the injection of 0-25 mg. nicotine acid tartrate 
into arterial cannula. Blood flow 2:3 ml. /min. Sample 4. Plasma from adrenal blood 
collected 16-31 min. after the nicotine injection. Blood flow 2:2 ml./min. Sample 5. Plasma 
prepared from perfusing fluid. The adrenaline content of the samples was adjusted to 
3:3 ug. / ml. | 

Fig. 11. Exp. 112, dog, 11 kg. Pentobarbitone. Perfusion of left adrenal. Columns: mean survival 
times of groups of rats injected with the sample indicated at foot of the column. 0-4 ml. 
plasma given at each injection. Collection time of the samples 10 min. Perfusion pressure 
50 mm. Hg. Sample 1. Adrenal plasma during control period. Blood flow 2-9 ml./min. 
Sample 2, Same as sample 1, but 0-25 mg. nicotine acid tartrate added before assay. Sample 
3. Plasma from adrenal blood collected immediately after the injection of 0-25 mg. nicotine 
acid tartrate into arterial cannula. Blood flow 3-3 ml:/min. Sample 4. Adrenal plasma 
obtained 10-20 min. after the nicotine injection. Blood flow 3-1 ml./min. Sample 5. Adrenal 
plasma obtained 20-30 min. after the nicotine injection. Blood flow 3-3 ml./min. The 
adrenaline content of all samples was adjusted to 10 g. / ml. 


Fig. 12. Exp. 122, dog, 20 kg. Pentobarbitone. Perfusion of left adrenal. Columns: mean sur- 
vival times of groups of rats injected with the sample indicated at the foot of the column. 
0-35 ml. plasma given at each injection. Collection time of samples 2-5, 9 min. Perfusion 
pressure 50 mm. Hg. Sample 1. Adrenal plasma, control period. Blood flow 3-0 ml. / min. 
Sample 2. Same as sample 1, but 0-1 mg. histamine acid phosphate per ml. added before 
assay. Sample 3. Adrenal plasma collected 4-16 min. after the addition of 10 mg. % hista- 
mine acid phosphate to the perfusing blood. Blood flow 5-0 ml./min. Sample 4. Adrenal 
plasma collected 16-25 min. after the addition of histamine. Blood flow 2-5 ml./min. Sample 
5. Plasma prepared from (histamine containing) perfusion fluid. 
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large doses of histamine is much smaller than that produced after small quanti- 
ties of nicotine. Only in one-third of the experiments was the adrenaline 
secretion large enough to be estimated on the rabbit’s intestine. The pre- 
cautions required for assaying adrenaline and cortical hormone in the presence 
of histamine are described under ‘methods’. 

If 4-10 mg. histamine acid phosphate per 100 ml. were added to adrenal 
plasma before its assay on rats, the survival time of the animals was usually 
shortened. Occasionally, as in the example illustrated by Fig. 12, it was 
unaffected. The total dose for each rat averaged 85 ug. acid phosphate or 31 yg. 
histamine base. This is only a small fraction of the dose of 5 mg. histamine 
known to be fatal to young adrenalectomized rats (Marmorston-Gottesman & 
Gottesman, 1928). 

Experiments were performed on eight dogs and two cats, 3-5-10 mg. hista- 

mine acid phosphate being added to 100 ml. of perfusing blood. A dose of 
4-5 mg./100 ml. corresponds to the highest concentration of blood histamine 
observed in adrenalectomized rabbits (Wilson, 1941). The addition of histamine 
was followed in two experiments by an immediate rise in cortical output, in four 
others by a doubtful rise; in three experiments there was no change, and the 
last experiment on a cat gave no result (see below). 
Fig. 12 represents one of the experiments in which a significant increase in 
cortical secretion was observed. Columns 1 and 2 are the survival times 
obtained by injecting samples of adrenal blood before perfusing with histamine. 
The columns have the same height, in spite of the fact that histamine had been 
added to sample 2. Immediately after the start of the histamine perfusion, a 
significant increase in the yield of cortical hormone took place (column 3). This 
enhanced output was not maintained: column 4, representing the effect of 
plasma collected 16-25 min. after onset of perfusion with histamine, is back to 
the original level. 

In this series of experiments, there was no correlation between the effects 
obtained on the cortex and either the dose of histamine employed or the amount 
of adrenaline released from the medulla. The results are, therefore, difficult to 
interpret. Though it is occasionally possible to produce a transient acceleration 
of the rate of cortical secretion by a large increase in the blood histamine, the 
effect is erratic even with doses lethal to dogs, and greater than those sometimes 
present in rabbit’s blood after adrenalectomy. In the intact dog, the release of 
cortical hormone by injection of doses of histamine which the animal will 
tolerate is therefore not a direct effect on cortical tissue. The same conclusion 
was reached in rats by Nasmyth (1948), who showed that the hypophysec- 
tomized animal does not respond to histamine by an appreciable fall in adrenal 
ascorbic acid. The action of histamine on the adrenal cortex is mainly due to 
the release of ACTH. 

The effect of histamine on adrenal blood vessels depended on the species used. 
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When dogs were employed, vasodilatation occurred in half of the perfusions, 
the increase in blood flow ranging from 33 to 69%; in the other half no change 
was observed. The adrenal arteries of cats, on the other hand, reacted with a 
violent constriction, which in one experiment terminated the perfusion and in 
the other reduced the blood flow by 90%. A similar contrast was obtained by 
Burn & Dale (1926) on the mesenteric arteries and arterioles of dogs and cats 
perfused with defibrinated blood. Renal vessels show the same difference in 
their response to histamine (Dale & Laidlaw, 1910, cats; MacGregor & Peat, 
1933, dogs). In frogs, the response depends on the season of the year (Martin & 
Lissak, 1940). 

Colchicine. Colchicine was tried at the request of Dr W. Q. Wolfson, who 
had observed, on giving 1-2 mg. intravenously in man, effects resembling those 
of ACTH. Though it appeared more likely that colchicine, like practically all 
noxious substances, acted through the release of ACTH, it seemed desirable to 
exclude the alternative of a local effect on adrenal tissue. The highest dose that 
could be administered without causing damage to the rate employed for 
testing the adrenal effluent, was 200 fg. /I. blood. This corresponds to the initial 
concentration in the blood of a patient receiving 1 mg. intravenously. Doubling 
that amount produced toxic effects in the rats. 

Two experiments were carried out in which 200 yg. colchicine/]. were added 
to the perfusing blood. The secretion of cortical hormone remained unaffected 
in the first, and was somewhat diminished in the second instance. Hence there 
was no evidence of any direct stimulation of adrenal tissue by the colchicine. 

Morphine. A dose of 1-5 mg. morphine hydrochloride per 100 ml. of perfusing 
blood had no effect on cortical secretion from the isolated adrenal. Since, 
however, morphine causes loss of cortical ascorbic acid in the intact rat 


(Nasmyth, 1948), this latter action of morphine must be due to the release of 
ACTH. 


DISCUSSION 
The adrenal cortex, through its lack of secretory nerves, is entirely dependent 
on humoral control for the purpose of adapting its secretion to the requirements 
of the body. The main object of this investigation was to determine whether 
substances other than ACTH can exert such a control, and this was done by 
subjecting the isolated perfused adrenal of the dog to the action of a series of 
substances of physiological interest. Prior to the administration of these 
substances, it was shown that such a gland secretes cortical hormone at a fairly 
high and steady speed without being supplied with ACTH. Hechter (1949), in 
perfusing adrenals from slaughtered cattle and sheep, did not find any cortical 
activity in the effluent unless he added ACTH to the perfusing blood. This may 
be due to the fact that adrenal secretion in those animals is more dependent on 
the pituitary than it is in the dog, but it may also be caused by the very dif- 
ferent experimental conditions. In favour of the second explanation is the 
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result that even after ACTH the amounts of hormone secreted in Hechter’s 
experiments were less than 10% of the amounts found in the dog. 

Except for compounds containing labile high-energy phosphate bonds, none 
of the organic substances tested on the perfused adrenal in naturally occurring 
concentrations produced any effect on the secretion of the gland. Whatever 
action any of the latter substances may therefore have in the living animal is 
effected through the release of ACTH, and not by direct stimulation of the 
adrenal cortex. This release need not be due to direct action on the pituitary, 
but may be brought about, as suggested by Sayers & Sayers (1948), by in- 
creased utilization of cortical hormone on the part of certain tissues exposed to 
these substances. 

The role of the organic phosphates ATP and creatine phosphate in vivo is 
more difficult to assess. To supply these compounds with the blood is, of course, 
an artificial procedure, and we cannot expect anything similar ever to occur 
naturally. The compounds are known to supply energy for a great variety of 
metabolic processes. The results of the perfusion experiments suggest that they 
may also be essential for the synthesis of corticoids. This interpretation is 
supported by the work of Gemzell (1948). Gemzell not only found that adrenals 
contain ATP (5 yg. per rat of 175 g.), but also that administration of ACTH 
caused an increased rate of uptake of P by the adrenals of rats previously 
injected with Na,HP*O,. These results have been confirmed by Reiss (1949) 
and prove that increased glandular activity is correlated with increased 
phosphate turnover. Whereas, in the normal course of events, the organic 
phosphates would obviously be synthesized within the tissues, we see from the 
perfusion experiments that they are capable of penetrating from the blood 
stream into the cell where they take part in its metabolism. 

In contrast with the energy-rich organic phosphates, another adrenal meta- 
bolite, ascorbic acid, has no accelerating action on the secretion of cortical 
hormone. 

Of the naturally occurring constituents of plasma investigated so far, the 
inorganic kations have proved the only ones endowed with a direct action on 
the adrenal cortex. The rate of production of cortical hormone is accelerated 
by a decrease in the Na/K ratio from its normal figure of approximately 45 to 
about 10 or less. The effect is obtained by increasing the K without altering the 
Na. The finding that it is no longer detectable when the excess of K falls below 
9 m.equiv./l. or the Na / K ratio rises above 11-5, may be due either to the in- 
accuracy of the biological assay or to the fact that the abnormality has to be 
very serious in order to cause stimulation of the adrenal cortex. It is not 
possible to decide between these two alternatives, but it should be stressed that 
the biological assay has a very flat dose-response curve, and that increases in 
hormone production would not be detected unless they were greater than 100 9%, 
Only when more accurate methods become available will it be possible to 


— 
. 
* 
‘ 
* 
2 


154 MARTHE VOGT 


establish whether the rate of cortical secretion is controlled by changes in blood 
electrolytes which are so small that a physiological role can be attributed to 
this regulatory mechanism, or whether it is only called upon as an emergency 
measure in extreme conditions. } 

Deane et al. (1948), when using Na-deficient diets in hypophysectomized rats, 
obtained histological evidence for a stimulation of the adrenal cortex, whereas 
the perfusion experiments on the dog with blood of low Na content and normal 
K did not show any increase in hormone production. Though this discrepancy 
may be a result of a greater sensitivity of the histological method as compared 
with the biological assay, it may also indicate that the stimulation of the 
adrenal by lack of Na is a result of secondary changes and not of the low plasma 
Na itself. 

It would be of great interest to know whether there are qualitative dif- 
ferences between the steroids produced when the cortex is stimulated by electro- 
lyte imbalance and when it is stimulated by ACTH. An answer to this question 
will have to await the development of quantitative chemical methods for single 
steroids applicable to small volumes of blood, or a great improvement in the 
biological methods for determining the effect on salt metabolism of small 
quantities of steroids. 

The fact that increased plasma K stimulates cortical secretion raises the 
question whether the rise in cortical activity seen in the whole animal after an 
infusion of adrenaline is connected with the increase in serum K which accom- 
panies such an infusion. Though, undoubtedly, the high serum K level may 
contribute to the effect of adrenaline, it can only play a very minor part in that 
phenomenon since, as shown by D’Silva (1936), the liver is essential for the 
increase in serum K elicited by adrenaline. Increase in cortical secretion by 
adrenaline, however, is not only obtained in the normal animal, but equally 
well in an eviscerated preparation in which the liver has been excluded from 
the circulation (Vogt, 1944). 

Of the drugs tested, nicotine, colchicine and morphine did not stimulate 
secretion in the perfused adrenal. Their in vivo action, therefore, is due to the 
release of ACTH. Since nicotine also releases adrenaline, the latter will contri- 
bute its share to the production of ACTH. On the other hand, histamine 
stimulated the adrenal cortex in some of the experiments. It was, however, 
not possible to discover why this effect is erratic and what determines the 
result. An adrenalectomized rat can be protected from lethal effects of hista- 
mine both by adrenaline and by cortical extracts (Perla & Marmorston- 
Gottesmann, 1929, 1931), and it appears that histamine, if applied in sufficient 
concentration, is endowed with the property of releasing both products from 
the adrenal gland. Under natural conditions, however, the amount of hista- 
mine likely to occur in the blood will be too small to enhance cortical secretion 
except by indirect means which lead to a release of ACTH. 
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SUMMARY 


1. A method is described for the perfusion of the left adrenal of the dog, 
using a Dale-Schuster pump filled with blood from the same animal. The effect 
of various substances on cortical secretion was tested with this preparation. 

2. Such a gland secretes cortical hormone at a steady rate for a period usually 
no less than an hour and a half, irrespective of whether the perfusing blood 
comes from a normal or a hypophysectomized donor and therefore may contain 
or be free of ACTH. The rate of secretion of the isolated gland is comparable 
to that of a gland in situ of a dog in which the release of adrenaline into the 
circulation has been carefully avoided. 

3. Attempts at assessing the rate of secretion of the adrenal gland by a less 
variable ‘standard’ than commercial cortical extracts were unsuccessful. In 
the biological assay (Selye-Schenker test), Kendall's compound E had a dif- 
ferent dose-response curve from adrenal extracts. Deoxycorticosterone acetate 
and other esters of deoxycorticosterone proved unsuitable because their action 
was either independent of the dose or, as in the case of the phosphate ester, the 
compound was altogether inactive. 

4. ACTH, added to the perfusing blood, increased the rate of secretion of the 
isolated preparation. Of the organic substances tested at naturally occurring 
dose levels, glucose, lactate, amino-acids, sodium ascorbate and adrenaline 
were without effect on the output of hormone. Adenosinetriphosphate and 
creatine phosphate stimulated the activity of the cortex for a period outlasting 
the intra-arterial infusion of the compound by about 15 min. Adenosinedi- 
phosphate, adenosine and inorganic phosphate had no such action. 

5. A decrease in the sodium/potassium ratio of the plasma from the normal 
figure of 45 to about 10 caused a great acceleration of cortical secretion in the 
isolated adrenal. This effect was obtainable by increasing the plasma potassium 
without altering the plasma sodium, but not by a reduction of the plasma 
sodium even to levels below those observed in adrenalectomized dogs. 

6. Nicotine, colchicine and morphine did not change the rate of secretion of 
the perfused adrenal cortex, whereas large doses of histamine sometimes 
accelerated it. 
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THE PATTERN OF EMPTYING OF 
THE HUMAN STOMACH®* 


By J. N. HUNT Ax D W. R. SPURRELL 
From the Department of Physiology, Guy's Hospital, London, S. E. 1 
(Received 3 April 1950) ; 


The digestive work of tlie stomach is the formation of chyme and its transfer 
to the duodenum. This it achieves by a combination of two types of activity, 
secretory and motor. At any moment in the history of a meal, the stage of 
digestive progress reached is the resultant of the interplay of these two activities, 
and for the proper assessment of such progress it is necessary to obtain 
simultaneous quantitative data on the contributions of secretion and evacuation 
from the time of the taking of the meal up to the moment in question. | 

The motor activity of the stomach leads to the transfer of material from 
stomach to duodenum, but what is transferred is not meal but gastric contents, 
i.e. a mixture of meal and added secretion. Hence motility cannot be fully 
appreciated without the simultaneous consideration of secretion. In like 
fashion the evaluation of secretion demands information not only as to the 
amount and composition of the secretion in the stomach but also as to that 
secretion which has been passed into the duodenum, i.e. the motility of the 
stomach must be taken into account. 

A variety of methods have been devised for the study of the secretory and 
motor activities of the human stomach but they all fail to provide simultaneous 
pictures of the two processes. Motility, or rather one of the results of motility, 
i. e. gastric emptying, is usually studied by radio-opaque meals or fractional test 
meals, The former can give information about the types of movement, time of 
onset of gastric evacuation, and time of completion, but they cannot give a 
satisfactory quantitative picture of the progress of emptying from minute to 
minute, nor can they give any idea of the composition of the material leaving 
the stomach in terms of its content of meal and secretion. The fractional test 
meal can only give a measure of the total emptying time for one particular 
constituent of a meal; as the emptying of a meal becomes very slow towards 
the end, and in the case of the gruel meal the test for starch is very sensitive, 
the ‘emptying time’ may be a very misleading figure if employed as an index 
of gastric evacuation. 

* Part of a thesis submitted for the Degree of Ph.D. in the University of London. 
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Secretion is commonly examined by whole or fractional test meals, and the 
secretory capacity by histamine and insulin tests. The samples obtained by the 
fractional method only provide data on the concentration of substances in the 
gastric contents and even this information may be misleading if mixing in the 
stomach is not complete (Gorham, 1921). By adding dilution indicators, such 
as phenol red, to the meal, observers (Bandes, Hollander & Glickstein, 1940) 
have made estimates of the composition of the secretion added by the stomach. 
If care is taken to prevent any admixture of saliva, to minimize absorption of 
water and to avoid duodenal regurgitation, these calculations are valid. No 
conclusions, however, can be drawn as to the amount of secretion, as the 
fractional method provides no information about the volume of the gastric 
contents, nor about the volume and composition of the chyme which has passed 
into the duodenum. 

Despite the obvious limitations of fractional methods, clinical literature still 
bristles with statements as to secretory activity based upon deductions from 
the acidity of the gastric contents; the terms ‘gastric acidity’ and ‘gastric 
secretion’ are often treated as if they were synonymous. They ignore the fact 
that the gastric acidity at any moment is decided partly by the amount of acid 
added by the stomach, i.e. its secretory activity, and partly by the amount of 
meal remaining in the stomach, which in its turn depends upon how much has 
been evacuated, i.e. upon gastric motility. The concentration of acid in gastric 
contents merely indicates the ratio between the amount of acid present in the 
stomach and the volume of the gastric contents. A stomach secreting a small 
amount of acid but emptying rapidly might achieve the same concentration of 
acid as a stomach secreting a large amount of acid but emptying slowly. It is 
therefore impossible to draw conclusions about secretory activity solely from 
the study of concentrations in the gastric contents, i.e. from a fractional test 
meal; simultaneous quantitative data as to gastric contents and gastric evacua- 
tion are essential. 

Secretory capacity is sometimes assessed by the insulin and histamine tests 
in which the observer attempts to remove the whole of the secretion by 
continuous aspiration. As far as H+ ions are concerned the response to the 
histamine test is commonly taken as an expression of secretory capacity, but 
whether it represents maximum capacity or something less is not apparent. In 
the case of the insulin test quantitative assessment of the result is even more 
difficult owing to the individual variations in hypoglycaemic response. In both 
tests, the conditions under which they are performed, i.e. continuous aspiration 
and the absence of any meal, are not in any way comparable to those under 
which gastric secretion usually occurs; secretion is known to be affected by 
gi and duodenal influences, both of which are excluded by the methods of 

e test. 


To meet these deficiencies in the methods of estimating human gastric 
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function we have attempted to provide simultaneous quantitative records of 
secretory and motor activity during the passage of a meal. Two possible 
procedures suggest themselves. In the first a known quantity of a selected meal 
could be given and at intervals the gastric contents withdrawn, measured, 
sampled and then returned to the stomach: from these measurements the 
required data could be calculated but, in view of the known reaction to filling 
and emptying, the gastric gymnastics involved would make the results obtained 
of uncertain value. In the second method a series of similar standard meals 
could be given and terminated by total withdrawal after different intervals of 
time. Each meal would then provide precise information as to the state of 
affairs in the stomach at the moment of withdrawal, and by synthesizing the 
data obtained from a series of such meals, a complete picture of the patterns of 
secretion and emptying could be obtained. This would only be possible if the 
conditions of the meal could be sufficiently controlled to ensure a reasonable 
degree of reproducibility from day to day. We have attempted this method and 
think it can be so employed. We have called the whole procedure a ‘Serial 
Meal’. | 

There are so many factors known to influence gastric activity that the task 
of controlling them seems formidable. Clearly great care must be exercised in 
the selection of the meal and strict discipline enforced in carrying out the test. 
From the latter point of view we were fortunate in the loyal co-operation of 
colleagues and students who in the course of two hundred meals never missed 
an appointment nor departed from our standard routine. 

In selecting the meal, the following points have been considered: 

(1) It should not evoke very varied reactions, psychological, nervous, or 
chemical, on the part of the subjects. This is best achieved by using some bland 
and chemically inert material devoid of striking effects upon the ‘psychic’ and 
‘chemical’ phases of gastric activity. | 

(2) It should not undergo digestion in the stomach. It is particularly im- 
portant to exclude protein, which would hamper the estimation of pepsin. 

(3) It should contain some constituent which is easily estimated and which 
will not be absorbed or secreted by the stomach. Provided water absorption 
by the stomach is negligible relative to the volume of the meal, as has been 
shown to be the case (Hunt, 1949), this substance can be used to express the 
quantity of meal present at any time. 

(4) It should provide an adequate stimulus to secretion. 

(5) The viscosity, osmotic pressure and pH should be standardized. 

(6) The meal should be easy to make up, to introduce and to remove from 
the stomach. 

(7) The meal should not interfere with the estimation of H+ and CI- ions. 

The material selected as most suitable for meeting the above requirements 
was citrus pectin. This is not broken down by treatment with gastric juice for 
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24 hr., does not absorb H+ or CI- ions and can be made into a solution whose 
viscosity can be standardized. The solution is coloured by the addition of a 
measured amount of phenol red, a substance which has been shown not to be 
absorbed or secreted by the stomach (Penner, Hollander & Saltzman, 1938; 
Shay, Gershon-Cohen & Fels, 1939; Hunt, 1947), and this serves as the quanti- 
tative index of the amount of meal. The pH of the meal is adjusted to 6-5 with 
NaOH and sucrose is added giving a final mixture with a depression of freezing- 
point of 0-28° C., a value corresponding to the osmotic pressure at which osmotic 
effects upon gastric emptying are small and relatively constant (Hunt & 
Spurrell, 1948). As a standard meal 750 ml. of this mixture has been taken, 
a trace of peppermint or pineapple flavour being added according to the wishes 
of the subject. As a meal it is generally described as being uninteresting or 


bulky rather than unappetizing; these rather negative qualities are considered 


important in controlling wide variations in ‘psychic response’. 


EXPERIMENTAL METHODS 


Making up test meal. The sample of pectin used hitherto was supplied by the Ministry of Food. 
When selecting pectin, care must be taken that the preparation chosen does not go black in alkaline 
solution. The phenol red is made up into a stock solution containing 1 g. phenol red and 
10 ml. x-NaOH/1. 


The meal has the following composition : 
Citrus pectin 20 g. 
Sucrose 35 g. 
Phenol red 60-70 mg. 
NaOH to adjust the pH to 6-5 
Distilled water up to 1 l. 


The meal is made by slowly dredging the pectin from a hopper into about 750 ml. of distilled 
water whilst stirring vigorously with an electrically driven propeller. 20 g. of pectin are allowed to 
rug in uniformly over a period of 15 min. Stirring is then continued for another 45 min. before the 
other ingredients are added. The caustic soda is added last, the pH being determined electrometri- 
cally. After a little experience this becomes merely a check on the pH which can quite well be 


determined from the colour of the phenol red. The complete mixture contains about 3 m.equiv.Cl-/l., 


and has a depression of freezing-point of 0-28° C. The viscosity has been found to be between 75 and 
84 centistokes at room temperature (18°-22° C.) and between 37 and 43 centistokes at 37°C. as 
determined in a U-tube viscometer. 

Experimental procedure. The subjects were all healthy volunteers from the staff and students in 
the department. They came to the laboratory between 7.30 and 9.30 a.m. having fasted since the 
previous evening. A soft rubber tube, 85 cm. long and 5 mm. in external diameter, with a rounded 
tip and 7 lateral holes, was passed into the stomach and 200 ml. of water swallowed. This fluid was 
rapidly withdrawn by suction with a water pump. If less than 190 ml. were regained or if the fluid 
was heavily bile-stained a further wash out with 200 ml. water was given. The subject then removed 
the tube and drank 750 ml. of the meal as quickly as he conveniently could whilst standing. The 
time at which he finished his draught was noted as the zero time of the meal. He then sat down 
with a salivary aspirator in his mouth and remained comfortably reading until the time for extracting 
the meal approached. He then stood up, passed the stomach tube, connected it to the aspirating- 
pump and collected as much of the gastric contents as possible; the times at the beginning and 
end of this aspiration were recorded and their mean taken as the time of withdrawal of that par- 
ticular meal. The subject then drank 200 ml. of water to wash out any residual gastric contents; 
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this washing was recovered and its phenol red content estimated for inclusion in the total meal 
remaining. In a few cases where this washout showed considerable coloration with phenol red, a 
further 200 ml. of water was introduced and withdrawn. 


The concentrations of acid, chloride, pepsin and phenol red (Hunt, 1947) were determined in the 
recovered gastric contents and also the chloride and phenol red content of the original meal; the 
volume of the gastric contents was measured. From these figures the quantitative data on secretion 
and emptying were calculated. 
RESULTS 

Emptying of the meal . 

The amounts of meal present in the stomach at various times after ingestion 
have been plotted in Fig. 1; these are the results of 190 experiments on 21 
subjects. To allow for the variation in the numbers of meals per individual, 
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Fig. 1. Volume of meal remaining in stomach plotted against time. 


graphs were constructed for each individual and from these the mean volumes 
of the original test meal found in the stomach at intervals of 15 min. were 


determined. Fig. 2 records these mean volumes for the group and the standard 


deviation: this graph is based upon the results in 19 subjects, two of the original 
subjects being omitted because they gave results which caused a skew distri- . 
bution about the mean curve. Subjects omitted have points marked A and O 
in Figs. 1 and 5. The curve appears to be exponential in form and when the 
logarithm of the mean volume is plotted against time the points fall on a 
straight line, as seen in Fig. 3. | 
This exponential pattern of the mean rate of emptying of the meal having 
been disclosed, the results for each individual were analysed in a similar way 
and it was found possible to fit a straight line for each, i.e. it was possible to 
establish for each subject his own linear relationship between the logarithm of 
volume of meal remaining in the stomach and time. The regression equations 
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of these linear relationships were calculated and from them the ‘half-life , of 
the emptying process, i.e. the time required for the volume of meal seams 
in the stomach to fall by half. For comparative purposes only, the “emptying 
time’ has been calculated as the interval between the moment of completion 
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Fig. 2. Volume of meal remaining in stomach plotted against time. 
(19 subjects.) ——, weighted mean; ..... , standard deviation. 
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Fig. 3. Log mean volume of meal remaining in the stomach plotted against time. 
19 subjects including points from 15 to 90 min. 


of ingestion and the time at which the residual volume of the meal is reduced to 
10 ml. This value can be determined more accurately than the conventional 
‘emptying time’ of the fractional meal. 

When the individual regression lines are produced towards zero time, log 750 
is often reached some minutes before or after zero time (Fig. 4). When log 750 
is reached at 0+2 min. it suggests that such a stomach does not assume the 
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exponential rate of emptying for z min., i.e. the stomach is a ‘slow starter’. 
Conversely, when log 750 is reached at 0—z min., it suggests that the initial 
rate of emptying is above the exponential rate, i.e. the stomach is a quick 


i 1 i 1 i 
15 30 45 60 75 90 
Time in min. 
Fig. 4. Derivation of ‘starting indices’ from regression lines for emptying of the meal. [I, B.L.M. 
‘starting index’ + 12-2 min.; ‘half-life’ 20-0 min.; ‘emptying time’ 136 min. ©, E.M. ‘starting 
index’ — 10-9 min.; ‘half-life’ 23-3 min.; ‘emptying time’ 134 min. 


Tam 1. ‘Characteristics’ of emptying patterns 


! 

0 


‘Calculated 
wt. index’ * Half-life’ time’ 
Subject Age (b.) Sex (min.) (min.) (min.) 
J. N. H. 31 140 M +10-7 9-0 67 
R. C. S. 27 150 M +136 13-5 95 
W. R. S. 50 140 M + 05 13-9 87 
F. J. A. B. 27 140 M +106 141 111 
F. D. B. 38 128 M +119 16-5 117 
E. C. S. 31 140 M - 45 17-0 101 
M. J. P. 20 147 F + 0˙5 17-4 109 
H. S. R. 25 168 M + 34 18-3 117 
G. B. S. 28 186 M - 79 19-5 114 
B.L.M. 24 131 M +12-2 20-0 136 
C. H. O. 23 125 M - 17 22-2 136 
J. E.S. 21 157 M - +1 22:3 135 
E.M. 34 136 F —10˙9 23˙3 134 
E. C. 260 130 F +173 24-1 187 
P.S.E. (a) 20 154 M 8 25-0 149 
K. J. 32 144 M 1255 25-8 150 
F.L.D.S. 24 147 M - 10-6 26-1 157 | 
R. W. B. 29 148 M - 55 27-5 166 * 
P. S. E. (6) - 58 28-2 170 
ER. H. (a) 23 48 M + 30 29-1 177 
P. H. 21 134 M + 37 29-2 187 
J.G.L. 29 149 M - 121 29-3 172 
to E. R. H. (o) - 153 30-1 172 
al Mean - 05 21-8 136-7 
Standard deviation + 96 + 61 +33-2 
50 starter’. We have called this quantity æ, i.e. the number of minutes before or , 
50 after zero time at which the extrapolated regression line reaches log 750, the . 
be ‘starting index’; it provides one characteristic of the emptying pattern of the 
11—2 
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individual stomach. This index has a negative value when the initial phase is 
rapid and a positive value when initial emptying is slow. 

Table 1 gives the values for the ‘half-life’, ‘starting index’ and ‘calculated 
emptying time in our 21 subjects. These figures can be taken as ‘characteristics’ 
of the emptying activity of the individual stomachs. The two cases illustrated 
in Fig. 4 have similar ‘emptying times’ but the pattern of emptying is clearly 
different as is well shown by ‘half-life’ and ‘starting index’. ‘Half-life’ and 
‘starting index’ provide a better picture of emptying than does the “emptying 
time’ of the meal because of the exponential character of the emptying process 
and the possible displacement of the regression line to the left or right of zero 
time. 


Emptying of the gastric contents 

The emptying of the meal is a process of academic interest only, for what is 
actually transferred to the duodenum is, of course, gastric contents. It is 
possible to calculate the volumes of gastric contents so transferred from the 
following relationships.* 
(1) Amount of phenol red leaving stomach in any period (A) 


= Amount of r. n. in stomach at beginning of period 
Amount of r. x. in stomach at end of period 


(2) Average concentration of F. n. leaving stomach during period (C) 
Concentration of p. . at beginning of period + Concentration of P. . at end of period 
25 2 


(3) Volume of gastric contents leaving stomach during period = A/C 


This relationship can only be followed when the components of a Serial Meal 
fall in a progressive sequence. Occasionally meals were found out of sequence, 
e.g. a higher concentration of phenol red might be found in the stomach at 
30 min. than at 15 min. and under such conditions some selection of interval 
was necessary. In the above example the interval 15-30 min. would not permit 
of the calculation and so the nearest interval that would, viz. zero to 30 min., 
was selected. 

Fig. 5 shows the volumes of the gastric contents plotted against time for all 
our subjects. For each subject the rates of emptying were calculated and 
individual graphs constructed from which were extracted the mean rates of 
emptying shown in Table 2. The means of the values so obtained are shown at 
the foot of Table 2. When the mean rate of emptying of the gastric contents for 
the group is plotted against the mean volume of the gastric contents (Fig. 6) 
the result is a straight line, the slope of which indicates that about 3-3% of 
the gastric contents are transferred to the duodenum per minute. 

* This method of calculation has been compared with the theoretical one which takes into 


account the exponential emptying of the meal, using the data of Table 3 (Hunt, 1951). The 
difference between the results from the two methods was insignificant. 
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DISCUSSION 
Despite the large number of factors which can influence gastric activity, it has 
proved possible to achieve a reasonable degree of reproducibility in a series of 
meals in which careful attention is devoted to the selection of the meal and the 
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Fig. 5. Volume of gastric contents plotted against time. 


TaBLE 2. Mean rate of emptying of gastric contents for individual subjects (ml. / min.) 
Time in min. ... 7 15 30 45 60 


Subject 
R. C. G. 2 15 23 125 5 
B. L. M. 6 12 18 22 7 
F. D. B. 10 14 17 1 
J. N. H. 18 25 15 7.8 2 
F. J. A. B. 20 12 10 10 6 
P. H. 45 14 17.8 7.8 5 
H. S. R. 15 30 15 7.8 6 
ERH (%% 18 15 9 7 8 
W. R. 8. 32 22 12 15 6 
1 MJ. P. 25 18 12 15 6 
C.H.O. 26 195 10 
J. E.S. 17.8 25 13 ™ 6 
E. C. S. 30 20 25 86 — 
] R.W.B. 32 16 9 ! 
1 . P.S.E. (b) 22 12 7 5 4 
P. G. E. (a) 25 175 125 9 5 
f G. B. S. 27-5 12-5 
F. L. D. S. 27 17.8 125 6˙5 4 
EM. 26 
r J.G.L. 19 18 135 10 7.5 
K. J. 25 19 25 7.8 — 
) ERH. ) 2% 21 10 
of Mean 20-6 184 130 9 5-4 
Standard 4 7.3 +46 +36 4 36 +14 
deviation 
| _-liseipline of its administration. If the synthesis of the ‘Serial Meal’ is accepted 
as a reasonable reflexion of the pattern of activity in the human stomach when 
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given the standard pectin meal, then it is apparent that the onward progress 
of that meal is an extremely orderly one, emptying being exponential in form. 
This indicates some very definite relationship between the volume of the gastric 
contents at any moment and the rate of emptying. At first sight two alternatives 
might be considered as possible explanations of this relationship. The volume 
of the contents in the stomach might exert a direct control, e.g. of the nature of 
a stretch or distension reflex. This is quite a reasonable hypothesis in that a 
relationship between volume and gastric tone is already known to exist, as 
shown in the phenomenon of ‘receptive relaxation’ which occurs when graded 
filling of the stomach takes place without any gastric outflow. Furthermore, in 
establishing a relationship between the volume of gastric contents and the 
motility of that organ it is clear that the only receptive mechanism that can 
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Fig. 6. Rate of emptying of the gastric contents plotted 
against the volume of the gastric contents. 


possibly be directly influenced by the volume of the gastric contents must lie 
in the stomach itself. The alternative explanation would be that the conditions 
of gastric outflow, via some receptive mechanism in the duodenum, might 
influence gastric activity. While it is true that many duodenal influences are 
recognized as operating on the stomach, it seems an impossible mechanism to 
invoke in this case, as the duodenum cannot be directly stimulated by the 
volume of the gastric contents and so could not be credited with regulating 
something of which it has no direct information. It is true that the rate of 
gastric outflow, i.e. the potential duodenal stimulus, is diminishing in an orderly 
fashion but it appears impossible to explain the passage of a relatively constant 
fraction of an exponentially diminishing gastric volume as depending upon a 
dwindling duodenal inflow. From a consideration of r points we are inclined 


to the view that the exponential emptying of the stomach is fundamentally 
dependent upon intra-gastric events. 
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As a basis for comparison some ‘characteristic’ of an individual’s gastric 
motility is often required and hitherto ‘emptying time’ has been employed to 
that end. These studies suggest that the two measurements ‘starting index’ 
and ‘half-life’ are far more informative and are less open to error in determina- 
tion. It is true that their values can only be arrived at after the administration 
of a series of meals and this may provide a practical difficulty in clinical 
application. 

It will be noted that in Table 1 the subjects P.S.E. and E.R.H. are each given 
two values for the various characteristics. This has been done because these 
subjects showed a clear-cut alteration in the pattern of activity of their 
stomachs during the year in which they were investigated. P.S.E. took his 
first five meals (a) at a time when he was engaged in a legal dispute with his 
landlord; a month later the trouble was resolved and he took a further six 
meals (b). Both in terms of emptying and secretion, activity was reduced in 
the second phase. E. R. H. took his first five meals (a) during a period when he 
was attempting to work for a B.Sc. in evening classes as well as for the 2nd M. B.; 
he then abandoned the attempt, and the series (b) is based on the study of 
seven meals when his academic problem was resolved. Although the slope of 
the regression lines are similar in his two series the ‘starting index’ was changed 
from +3-0 to —15-3 min. 


These two cases clearly illustrate the well-recognized influence of anxiety 


upon the activity of the stomach. The change in the value of the ‘characteris- 
tics’ points to the influence of higher centres upon the pattern of emptying. 
The case of P. S. E. is reminiscent of the behaviour of the subject Tom (Wolf & 
Wolff, 1944) whose stomach, studied directly through a gastric fistula, showed 
increased motility and secretory activity during a period of legal controversy. 
These examples justify the calculation and registration of these ‘characteristic’ 
quantities. 

The real value of the Serial Meal is that it provides an experimental basis upon 
which variables can be superimposed. By making available the basic pattern 
of activity it will be possible to analyse in detail the effects of such factors as 
the volume, consistency or chemical composition of the meal upon gastric 
em 
In addition to the information on motility that can be derived from these 
studies, the analysis of the gastric contents at various stages in the Serial Meat 
makes it possible to calculate the amount and composition of secretion by the 
stomach. The results of such calculation are given in another paper (Hunt, 
1951). 

SUMMARY 

1. A method for producing the basic pattern of emptying in the human 
stomach is described. This is done in the Serial Meal in which the data from a 
series of standard pectin meals of different duration are synthesized. 
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2. The pattern of emptying is exponential in form. | 

3. ‘Characteristics’ of this pattern are expressed in the ‘half-life’ and 
‘starting index’ of individual subjects. 

4. The method provides an experimental base upon which to study the 
effect of variables which may influence gastric emptying. . 


After this work was completed we read the papers of Enriquez de Salamanca and his colleagues _ 


describing somewhat similar studies. His publications began in 1944. A full list is given by 
F. E. de Salamanca, Jr. (1949), T'rabajos del Instituto Nacional de Ciencias M édicas, 12, 17. 
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THE SECRETORY PATTERN OF THE STOMACH OF MAN“ 


| By J. N. HUNT 
From the Department of Physiology, Guy’s Hospital, London, S. E. 1 
(Received 3 April 1950) ) 


The secretory work of the stomach is the attainment of concentrations of acid 
and pepsin in the gastric contents sufficient to reduce an ingested meal to 
chyme within the time available. The concentrations achieved in the gastric 
contents depend not only on the amounts secreted but also upon the volume 
of the meal ingested and the rate at which it and admixed secretions leave the 
stomach. By means of the gruel fractional test meal the resultant of these 
contributions to the concentrations of acid, pepsin and chloride in the gastric 
contents may be assessed but it is quite impossible by the fractional method to 
measure separately the contributions either of the secretory or of evacuatory 
functions. 

In the data hitherto available there are two deficiencies which prevent the 
measurement of the amounts secreted in response to a meal. First, the volume 
of the gastric contents is not measured when the concentrations of the 
constituents of the gastric secretions in the gastric contents are measured by 
the fractional method. Thus the amount of any constituent in the stomach 
cannot be calculated. Second, an unknown amount of secretion passes out of 
the stomach through the pylorus with the gastric contents. By means of the 
Serial Test meal described in this paper these two deficiencies have been 
remedied. 

The principle of the Serial Test meal. A standard test meal is given at a fixed 
time to the same subject on successive days, the time of complete withdrawal 
of the meal being progressively later on each day. By incorporating a dye in 
the meal the amounts of chloride and acid contained in the volume of the 
gastric contents leaving the stomach during any interval between with- 
drawals may be calculated. Then by synthesizing the data obtained from each 
withdrawal on the same subject into one record a complete picture of his 
gastric activity may be formed. 7 

Although from the results of Serial Test meals the amounts of acid, chloride 
and pepsin secreted by the stomach may be calculated, it is usual to measure 
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secretions in terms of the volume formed and it has proved possible to calculate 
the volume of gastric juice from the amounts of chloride and acid secreted. 
This volume has been further divided into two hypothetical components, an 
acid component and an alkaline component, and the secretory response of the 
stomach has been e in terms of the volumes of these two components 
formed, and of the proteolytic activity of the enzymes produced. 

The results of a study of gastric emptying by Serial Test meals in 21 healthy 
subjects have already been described (Hunt & Spurrell, 1951). This present 
paper describes the extension of the technique to secretory studies and sets out 
the results obtained in 190 withdrawals from 21 healthy subjects. The observa- 
tions were made simultaneously with those for the study of gastric emptying. 


METHODS 

Experimental methods, The experimental procedure and the method of making the test meal have 
already been described (Hunt & Spurrell, 1951). The concentrations of acid and chloride in the 
gastric contents were measured by electrometric titration (Hunt, 1949) and the concentration of 
phenol red by a method already described (Hunt, 1947). 

The proteolytic activity of the gastric contents was estimated by a modification of the Anson & 
Mirsky (1932) method using a substrate of plasma proteins. As the proteins proved to be uniform, 
whether prepared in England or the U. S. A., the method allowed the proteolytic activity of the gastric 
contents to be expressed in terms of reproducible arbitrary standard units (Hunt, 1948 ac). It was 
found that comparisons of the proteolytic activity of gastric juices could not be made with com- 
mercial pepsin as a standard owing to the presence of a peptic synergist in human gastric juice 
(Hunt, 19485). 

The proteolytic activity of the gastric contents is the resultant of the amount of enzymes and 
their inhibitors present. In this work the term ‘pepsin’ refers to values calculated from the actual 
proteolytic activity of the gastric contents. All estimations of proteolytic activity were made in 
duplicate. At 4° C. the proteolytic activity has been found to be stable for periods up to 14 days. 

Arithmetical methods. The method of calculating the volume of the gastric contents leaving the 
stomach during an interval of time has already been described (Hunt & Spurrell, 1951). 

The amount of chloride secreted by an individual during any one interval, i.e. between ti and t., 
was Calculated in the following way: 

Amount of Cl- secreted between ti and é, 
= Amount in stomach at t , Amount passing the pylorus between ti and t, 
Amount in stomach at t 
Amount in stomach at t, 
=Vol. of gastric contents at t x Concentration of CI- in the gastric contents at t, 
The amount in the stomach at ti was calculated similarly. 
Amount of CI passing pylorus between ti and t, 
val. passing py! 


unis same method was applied to the calculation of the amounts of acid and pepein seoreted by 
subject. It assumes that all of these substances had their origin in the stomach, an assumption 
which will be discussed later. 

The emptying behaviour of the stomach was almost always reproducible from day to day. This 
was usually found to be true of the secretory activity of the stomach but occasionally there was 
some variation. In such cases it was necessary to apply certain restrictions of selection when 
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calculating. The rules of selection were based upon consideration of the following situations which 
would provide reasons for the rejection of the immediately antecedent meal as a basis for the 
arithmetical analysis. 

1. Higher concentrations in the gastric contents at 15 min. than at 30 min. of 

(a) Cl- 
(6) proteolytic activity, 
or (c) acid. (This has been applied only to the first 45 min.) 

2. Lower concentrations of phenol red at 15 min. than at 30 min. 

3. Smaller amounts of phenol red in the stomach at 15 min. than at 30 min. 

4. Rise in concentration of acid in the gastric contents out of proportion to the rise in the con- 
centration of Cl- on the basis of the assumption that the parietal secretion contains 170 m. equi v. /l. 
N- and 160 m.equiv./l. H“ (Fisher & Hunt, 1950). 

5. A fall in the concentration of (I- in the gastric contents when it is below 125 m.equiv./l. 
Since the minimum concentration of chloride in the gastric juice is 125 m.equiv./l. any fall below 
this level must be due to dilution with saliva or duodenal juice. 

6. A fall in the concentration of phenol red without a comparable rise in the concentration of (l- 
It is impossible for the concentration of phenol red to fall between one sample and the next without 
any concomitant rise in the concentration of CI- unless the initial concentration is more than 
125 m.equiv./l. 

7. Time intervals of less than 10 min. between withdrawals. 

For the sake of clarity only the results of two recoveries at 15 and 30 min. have been used as 
an example. 

Since acid may be neutralized and proteolytic enzymes may probably be inactivated, it is possible 
for apparently negative amounts of these constituents to be secreted. Measurements concordant 
with this were noted occasionally in the later samples. Hence 1 (b) and 1 (e) were not applied 
throughout the meal. 

These rules were applied with discretion where the differences in concentrations in the gastric 
contents were small. In a few cases the amount of proteolytic enzymes secreted was calculated 
with a starting-point different from that for other constituents since the secretion of these enzymes 
appeared to have varied independently of the other constituents. 

Having calculated the amounts of these three constituents secreted by the subjects it was 
necessary to estimate the volume of gastric secretion in which these amounts were contained. It 
has been suggested (Fisher & Hunt, 1950) that the gastric juice may be considered as a mixture of 
two components, parietal and non-parietal, in so far as the main inorganic constituents are con- 
cerned. The volumes of these two hypothetical components can be calculated if the amounts of 

Volume of parietal component = 4-521 H + 1-628 Cl, 

Volume of non-parietal component = 5-778 Cl — 6-147 H. 
when Cl and H are the number of m.equiv. of chloride and acid secreted. Using these equations and 
the amounts of chloride and acid secreted by the subjects, the volumes of parietal and non-parietal 
secretion have been calculated and the values so obtained, and the values for pepsin secreted, plotted 
cumulatively against time. From these plots mean cumulative graphs were calculated for each 
individual for the components of secretion. Fig. 1 (a-d) gives examples of such individual records. 
In order to assess the variability about the cumulative means for each subject, the deviation of 
each experimentally determined point from the mean was found and expressed as a percentage of 
the mean at the relevant point in time. Sums of the squares of these percentages were computed 
and divided by the total number of points plotted. The value obtained for each subject was called 


the ‘consistency index’. 


RESULTS 


In Table 1 the total volumes of parietal component, non-parietal component 
and the amounts of pepsin secreted by each subject are shown together with 
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the ‘consistency indices’; the mean ‘consistency indices’ are greatest for pepsin 
and least for parietal component. The mean total volume of parietal component 
secreted was 135 ml. (s.p. +77), the mean total volume of non-parietal com- 
_ ponent was 103 ml. (s.p.+41) and the mean total amount of pepsin 24,000 
units (s.D. + 16,800). 


Taste I. Total volumes of parietal component, non-parietal component and amounts 
of pepsin secreted in response to the pectin test meal 


Volume 
Volume of of non- 
N Amounts of 
of component ‘Consistency component ‘Consistency — Consistency 
Subjeot ml.) index (ml.) index units) index 
J.. L. 6 290 856 116 440 30,000 8 

E. C. 5 250 308 140 455 81,000 544 
B 6 250 258 88 1,034 24 
F.D.B (a) 4 234 0 46 0 50,600 0 

H. 8 210 72 140 3,558 43,500 987 
P. S. E. (a) 5 196 81 38 1,696 29,000 993 
R.C.8. 7 190 422 64 1,007 14,000 5,106 
KJ. 8 188 179 180 477 34,000 158 
E. R. H. (a) 6 166 71 104 0 26,500 45 
W. R. S. 12 148 67 50 1.202 32,000 279 
J. E.. 8 140 129 120 2,005 22,000 69 
F. L. D. S. 13 132 i 122 1,938 22,000 955 
M.. P. 7 110 510 50 1,376 16,000 1,455 
E. C. S. 7 106 1,027 104 1,460 23,000 | 
E.M. 8 96 3, 210 658 16,000 5,260 
H. S. R. 9 93 305 100 192 15,000 181 
R. W. B. 8 88 1,263 104 26,000 2,465 
G. B.. 6 76 120 62 141 9,500 
C. H. O. 9 68 4,569 108 226 6,000 4,257 
F. J. A. B. 5 65 491 130 49 12,800 1,534 
J.N.H. 25 55 190 70 106 2,200 1,696 
F. D. B. (5) 4 42 6 112 91 12,300 
P. S. E. (b 6 36 48 104 93 10,500 
E. R. H. (6) 8 20 2,038 104 672 2,000 14,749* 
Mean — 135 770 103 1,048 24,000 1,241 
Standard — 457 — +40 sie +70 a 

deviation as 
% of mean 


0 Omitted from mean. 


TaBLE 2. Mean amounts of parietal and non-parietal component and pepsin secreted 
by 21 subjects plotted cumulatively against time 


Time (min.) ... 15 30 45 60 75 90 
Parietal component (ml.) 37 69 92 111 129 149 
Standard deviation as % 4.53 +49 +51 +54 +48 +41 

of mean 
Non - parietal component (ml.) 36 50 a ee 105 
Standard deviation as % 4.32 +28 +30 +34 +34 +35 
of mean 
Pepsin (units) 5,790 11,090 16,530 19,740 20,060 — 
r deviation as % 4.68 +60 +63 +65 +64 = 


From the individual curves for cumulative secretion, the means for the 
group can be calculated for any intervals of time. In Table 2 these means have 


* 
77 
7 
a 
i 
* 2 


— | oF 


| 


GASTRIC SECRETION 173 


been set out for each secretory component for intervals of 15 min. up to 75 min. 
The standard deviations expressed as a percentage of the mean are roughly 
constant for each component; the biggest variation between individuals being 
in the secretion of pepsin, the least in the secretion of parietal component. 

The data derived graphically for individuals were studied to establish the 
times of the maximum rates of secretion for the three components. For the 
parietal component 13 records showed maximal rates of secretion in the first 
15 min. period, 7 in the 2nd period, 1 in the 3rd period and 3 in the 4th and 5th 
periods. There was no remarkable difference between the mean maximal rates 
of secretion of these groups but the total volume of parietal secretion formed 
by the 4 subjects (F.D.B. (a), B.L.M., J.G.L. and H. S. R.) having maximal 
rates of secretion in the 3rd, 4th and 5th periods was 217 ml. (s. E. of mean + 43), 
compared with a mean of 107 ml. (s.£. of mean 4 16˙5) for those secreting 
maximally in the Ist period. Ten subjects had maximum rates of secretion of 
parietal component greater than 3 ml./min., the highest rate being 5-4 ml./min., 
the lowest peak being about 1 ml./min. The rates of secretion of acid had 
omy one peak during the meal. Considering the group as a whole, three- 
quarters of the total volume of parietal fluid was secreted in the first third of 
the ‘emptying time’. 

When considering the data on the rates of secretion of non-parietal com- 
ponent, which were extracted from the records for individuals it must be 
pointed out that the stomach was washed out with saline (125 m. equiv. NaCI, l.) 
at the beginning of the meal in about the first 50 of the experiments. The volume 
of non-parietal secretion shown to be secreted during the first 15 min. was 
particularly influenced by this factor and in some subjects may well have been 
recorded as 10-20 ml. higher than it was. Eight records showed their maximal 
rates of secretion of non-parietal component during the first 15 min.; of these 
three showed a second lower peak during the 60-75 min. period. The remaining 
records showed maximal rates of secretion in the periods between 30 and 120 
min., twelve records having their peaks after 60 min. The maximum observed 
rates of secretion for non-parietal component lay between 1 and 2 ml./min. The 
general conclusion to be drawn is that the rate of secretion of the non-parietal 
fluid tended to increase towards the end of the meal but some subjects never- 
theless may have had relatively high rates of secretion in the first 15 min. 

When the rates of secretion of pepsin were examined it was found that 
7 subjects had maximum rates of secretion during the first 15 min., 8 during 
the 2nd period, 4 in the 3rd, 2 in the 3rd and 4th periods, and 2 subjects in the 
5th period. The maximum rates of secretion lay between 1000 and 50 units/min. 
It was also found that 5 subjects had two peaks in their rate of secretion of 
pepsin. 

This consideration of the peaks in the rates of secretion in individual subjects 
should serve to emphasize that smooth curves are typical of very few persons. 
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All the subjects of this research were normal in that they had no symptoms 
of illness, so that each of the individual records is a record of normality. It is 
possible to some extent to divide the cumulative graphical records for in- 
dividuals into groups having certain features in common. Using the particular 
scales chosen (Fig. la-d), for the most part the line denoting the parietal 
component is the highest, followed by that for pepsin, the line representing 
non-parietal component being the lowest of the three, which rise more or less 
together. There are 15 such records, of which a typical example is given in 


300 75 300 75 
c 
/ 
E 
= 0 0 
0 30 60 90 0 30 60 90 
Time in min. Time in min. 
300 75 300 75 
c 
3 
: 8 2 8 100 425 
100 25 8 — 8 
= —.— 0 * 0 
0 30 60 90 0 30 60 90 
Time in min. Time in min 
Fig. 1. Cumulative curves of secretion of parietal and non - parietal components, and of pepsin, in 
four subjects. (a) M. J. P.; (b) E. M.; (e) E.C.; (d) J. G. L. ——, parietal; — - , non-parietal ; 
avese » pepsin. 


Fig. 1a. In the 9 other records the secretion of acid and pepsin is more or less 
depressed relative to the secretion of the non-parietal component (Fig. 15). 
There are three subjects, F.D.B.(a), R. W. B. and E. C. in whom the secretion of 
pepsin is high relative to the secretion of acid (Fig. 1c) and 2 subjects, J.G.L. 
and R. C. S., in whom the secretion of acid is high relative to the secretion of 
pepsin (Fig. 1d). 

The results described so far have involved some selection in the analysis 
which has its advantage in that it allows the ‘consistency indices’ for each 
component to be calculated for each subject and enables the variations between 
individuals to be appreciated. The selections, however, are open to criticism 
and therefore a more secure analysis of the mean results for the whole group of 
21 subjects was made. 
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Means of the experimental observations made on the gastric contents were 
calculated and were so combined as to try to give equal weight to each subject 
in spite of the different number of meals given to each. However, after the 
60-75 min. period the subjects who empty the more slowly have a dispro- 
portionate influence on the mean since the subjects emptying quickly no longer 
contribute. The results are shown in Table 3. 


Tann 3. Mean results of Serial Test meals on 21 subjects 


Time of withdrawal (min.) ... 15 30 45 60 75 90 
Volume recovered (ml.) 539 385 291 196 147 121 
Concentration of Cl- (m. equiv./l.) 14-5 29-9 43-3 59-1 62-0 72-9 

Acid (m. equiv. /I.) 76 18-4 25-8 34-1 33-6 25-5 
Pepsin (units / ml.) 9-7 18-7 28-1 40-8 46-9 62-8 


Rate of emptying of gastric contents 19-3 14-7 9-3 7-9 4-0 3-3 
(ml. /min.) | 


Volume of parietal secretion 39 40 26 20 6 3 
(ml./15 min.) | 

Volume of non-parietal secretion 26 14 15 13 5 19 
(ml,/15 min.) 

Total volume of secretion (ml./15 min.) 65 54 41 33 11 22 

Rate of secretion of pepsin 443 316 283 256 105 69 
(units / min.) 


It may be seen that the rate of secretion of parietal component fell after 
30 min. The total volume secreted up to 90 min. was 134 ml., which agrees well 
with Table 1. 

The fall in the rate of secretion of non-parietal fluid was proportionately 
less and there was an increase in the calculated rate of secretion during the 
75-90 min. period. The total volume of non-parietal secretion formed was 
92 ml. as compared with 103 ml. in Table 1. The discrepancy is the result of the 
analysis of the mean results in Table 3 not being carried past 90 min., after 
which time a number of subjects still secreted considerable volumes. The 
selective incidence of this error on the non-parietal component and not on the 
parietal component is to be expected since the majority of the parietal com- 
ponent was secreted at the beginning of the meal. 

The rate of secretion of pepsin fell with time but not to the same extent as 
did rate of secretion of the parietal component. The mean amount of pepsin 
secreted, calculated from Table 3, was 22,000 units, as compared with the mean 
value of 24,000 units from Table 1. This difference has the same cause as was 
described for the non-parietal component. 

The interrelations of the components of the gastric juice. Up to this point the 
experimental data have been analysed in terms of two hypothetical components 
of the gastric juice, and pepsin. Nothing has been said of the composition of 
the total secretions entering the stomach. Such questions as ‘What was the 
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total volume of gastric juice secreted by individual subjects?’ and ‘What was 
the concentration of acid and pepsin in the juice?’ remain to be considered. 
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1 \ 20 


0 
Time in min. 
Fig. 2. Rate of secretion of gastric juice and concentration of acid in gastric juice, with the pectin 
test meal. Means for 21 subjects. o——0, rate of secretion; e——e, concentration of acid. 
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Fig. 3. Rate of secretion of pepsin and concentration of pepsin in gastric secretion in response to 


pectin test meals. Means for 21 subjects. eeeee, concentration of pepsin; ——, rate of 
secretion. 


In Fig. 2 the changes in the rate of secretion of the gastric juice and its 
concentration of acid calculated from the results of Table 3 are shown. It may 
be seen that the rate of secretion and the acidity of the gastric juice fell con- 
siderably towards the end of the meal. In order to bring out quite clearly that 
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0 
113 163 213 263 313 363 413 
Volume of secretion (ml.) 
Fig. 4. Frequency distribution of volumes of gastric secretion in response to the 
pectin meal (21 subjects). Mean 238 ml. Standard deviation +86 ml. 


Number of records 


0 
Concentration of acid (m.equiv./!.) 


Fig. 5. The mean concentration of acid in the gastric juice of 21 subjects taking the 
pectin test meal. Mean, 70 m.equiv./l. Standard deviation +36 m.equiv./l. 
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the rates of secretion cannot be directly appreciated from the concentrations 
of the acid and chloride in the gastric contents, Fig. 2 should be compared 
with Fig. 7. It may be seen that the rise in the concentration of chloride and 
acid in the gastric contents was almost linear in the first 60 min. although the 
rate of secretion was falling. This was the result of the diminishing volume of 
the test meal remaining to dilute the entering secretion and to the diminishing 
concentration of acid and chloride in the gastric secretion. 


8 
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Total volume of parietal component (ml.) 
* 


0 10 20 30 10 50 60 70 90 90 
Total amount of pepsin (1000 units) 
Fig. 6. Secretory response to the pectin test meal. Total volume of parietal 
component plotted against total amount of pepsin. 
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Fig. 7. Mean concentrations of acid, chloride and pepsin in the gastric contents of 21 
subjects plotted against time. ——, pepsin (units/ml.); , chloride (m.equiv./l.); 


----- , acid (m.equiv./l.), Vertical lines represent standard errors of the means. 


In Fig. 3 the rate of secretion of pepsin and the concentration of pepsin in 
the gastric juice have been plotted against time. It may be seen that the rate 
of secretion of pepsin fell with time but the concentration of the pepsin in the 
gastric juice reached a peak after 60 min. 
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Fig. 4 gives the frequency distribution of the total volumes of the gastric 
juice secreted by individual subjects using the data of Table 1. It may be seen 
that the mean total volume of secretion formed in response to 750 ml. of bland 
pectin test meal was 238 ml. whilst one subject secreted over 400 ml. In Fig. 5 
the frequency distribution of the concentrations of acid in the gastric juice of 
individual subjects is shown. The mean concentration of acid over the whole 
_ digestive period was 70 m.equiv./l. It was calculated that a mean of over 
17 m.equiv. of acid was secreted by this group of subjects in response to the 
meal. When the data of Figs. 4 and 5 were examined together, it was found 
that in general the larger the volume of gastric juice secreted, the higher was 
its acidity. In Fig. 6 the total volume of parietal component secreted has been 
plotted against the total amount of pepsin secreted in response to the meal for 
each subject. With the exception of three points out of a total of 24 the 
relationship is linear. The mean concentrations of acid, chloride and pepsin in the 
gastric contents of each subject at 15, 30, 45 min., etc., were derived graphically. 
The mean concentrations for the whole group of subjects at 15, 30, 45 min., 
ete., were then calculated. The results are shown in Fig. 7 with the standard 
errors of the means. 


7 DISCUSSION OF THE METHOD 
Arithmetical assumptions 

The Serial Test meal has made it possible to estimate the secretory activity 
of the stomach in terms of the amounts secreted. However, the results are 
separated from the observations by much tedious arithmetic based on a number 
of assumptions, some of which have already been considered (Hunt & Spurrell, 
1951). The remainder will now be briefly examine. 

It is assumed that the amount of chloride, for example, leaving the stomach 
through the pylorus may be calculated from the product of the mean concen- 
tration and the volume passing the pylorus. It may be objected that the secre- 
tory response must have a latent period, so that the first flush of gastric contents 
past the pylorus must contain very little chloride, with the result that the 
amount of chloride calculated to leave the stomach is in excess of the actual 
amount leaving. To some extent this may be true but there are two counts on 
which this objection may be answered. First, emptying itself probably does 
not begin immediately, and second, the latent period of the secretory response 
is probably shortened by the previous wash-out. 

It is assumed that the gastric contents are a homogeneous mixture. This is 
not always the case but such error as there is in this assumption of complete 
mixing is relatively ineffective in disturbing the results of the calculation of the 
amounts secreted. To take the most extreme case possible, complete absence of 
mixing during the first 15 min. of the emptying of the meal, assuming a rate of 
emptying of 26 ml./min., would lead to an error of 28 % in calculating the — 
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of a constituent secreted. Since such extremely unfavourable conditions are 
almost impossible the error is usually much less. 


Physiological assumptions 

The origin of the chloride in the gastric contents. In the calculation of the 
volume of gastric juice secreted during the Serial Test meal it is assumed that 
the chloride recovered with the gastric contents has its origin within the 
stomach, This assumption deserves careful examination. 

It may frequently be seen from the results of gruel fractional test meals that 
the acidity of the gastric contents falls towards the end of the meal whilst the 
concentration of chloride may continue to rise up to 100 m. equiv. /I. or more. 
The fall in the concentration of acid is the result of neutralization, dilution or 
both. The rise observed in the concentration of chloride is the result of the 
addition of a solution of chloride containing more than 100 m.equiv. .Cl-/I. 
Since fluids containing 100 m.equiv./l. of chloride and unspecified concentra- 
tions of bicarbonate have been recovered from the duodenum of man (Lagerlof, 
1942), the stomach of dogs (Hollander, Lauber & Stein, 1948) and the stomach 
of man (Ihre, 1938), it is not possible to decide upon the origin of the neutralizing 
fluid without considering further experimental evidence. 

The work of Baird, Campbell & Hearn (1924), Shay, Katz & Schloss (1932), 
and MacLagan (1934) indicates that in man the bulk of the neutralizing fluid 
is of intragastric origin. LTE 

It is assumed that no hydrogen ions are absorbed in the stomach. Professor 
Teorell informed me that according to his diffusion theory the probable mag- 
nitude of error in this assumption was 0-57 m.equiv. of H+/hr. which seems 
little consequence in this context. | 


Advantages of the method 


It is possible to calculate the volume of secretion by using data for the dye 
in the stomach directly. 

Volume secreted between time t, and ti 

=Volume of gastric contents at ti , volume passing pylorus between ti and. ti - volume 

ingested at ty. 

Using this method, the calculated volume of secretion has been found to be 
systematically higher than that calculated from amounts of Cl- and H+ 
secreted. Using the data of Table 3 the discrepancy in the first 15 min. is 
13 ml., i.e. 20% of the volume of secretion but only 2% of the volume of the 
gastric contents. The direct dye method is most unsatisfactory since any small 
absolute error in the estimation of the three terms of large magnitude on the 
right of the equation remains absolutely the same but becomes a very large 
percentage of the volume calculated to have been secreted (see Hollander & 
Glickstein, 1940). This difficulty is avoided in the Serial Test meal by calculating 
the volume of secretion from the amounts of chloride and acid secreted. 
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Apart from the results which it makes available for the first time, the Serial 
method has advantages over the fractional method. It is virtually a tubeless 
test-meal since the tube is not present in the stomach during the digestive phase. 
Secondly, the peptic activity of the gastric contents is measured in units which 
may be reproduced with precision in other laboratories, whilst the meal itself 
can be similarly standardized. 


DISCUSSION OF THE RESULTS 


The Serial Test meal has been found to provide a workable method of obtaining 
simultaneous quantitative data on gastric secretion and emptying in man. 
This has not previously been possible even in experimental animals. From the 
data obtained with the Serial Meal it is apparent that the main secretion of acid 
and pepsin occurs at the beginning of the digestive period and the rates of 
secretion fall off as the meal progresses. This is quite different from the impres- 
sion gained from a study of curves of gastric acidity obtained by the usual 
fractional methods. 

The use of the Serial Test meal depends upon the constancy of the gastric 
response and in general this has been found to be steady. In two subjects 
(W.R.S. and J. N. H.) it is known to have been almost unchanged for 3 years. 
On the other hand in 3 subjects alteration in the stress of life has been associated 
with a change from one consistent level of activity to a much lower consistent 
level. Two of these (E. R. H. and P. S. E.) have already been considered (Hunt & 
Spurrell, 1951) and the third, F.D.B., age 38, suffered from a severe attack of 
mumps between records a and b. In the case of F.D.B. it is reasonable to 
assume that the results obtained before his attack of mumps represented his 
normal activity but it is impossible to choose between the two patterns of 
activity of E.R.H. and P.S.E. As the latter were foreign born it does not seem 
possible to compare the results of their personality tests with those made on 
the remainder of the group who were born in this country. There is also some 
evidence that subject B.L.M. had a much reduced secretory response shortly 
after these tests were completed and coincident with his marriage. In one 
subject the anticipation of a routine psychometric test reduced the secretion 
of acid and pepsin to about 10% of the expected response on that day. Such 
variations in the response of the stomach are well recognized but it was a 
surprise to find that they were so frequent in such a small group of subjects. 
When alterations in secretion were observed the acid and pepsin were involved 
to the same extent, a point which may have some significance in the analysis of 
the controlling mechanisms. 

When considering data on acid and pepsin it is essential to have in mind one 
important distinction between them. So far as is known there is no storage of 
acid in the gastric mucosa so that an increase in the amount of acid in the 
stomach is good evidence of secretion by the parietal cells. On the other hand 
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pepsin can exist preformed in the tubules of the gastric glands and is washed 
out by the first flush of acid, as occurs for example after thie injection of hista- 
mine. Thus an increase in the amount of pepsin in the stomach does not neces- 
sarily signify that secretory impulses are affecting the pepsin-producing cells. 
The pepsin produced in response to the meal is probably partly flushed out and 
partly the result of true secretion. In those 5 subjects who had two peaks to 
their rates of secretion of pepsin following the meal the second peak was almost 
certainly a true secretory response whilst in the other subjects, if such a response 
occurred, it presumably fused with the pepsin initially washed out. 

There is much evidence to suggest that the secretion of acid and pepsin 
depend upon separate controlling mechanisms, a view which is in accord with 
the finding that in response to the pectin meal the peaks for the rates of secre- 
tion of the acid and pepsin in individual subjects were not closely related in 
time. Hard up against this concept must be brought the conclusion to be 
drawn from Fig. 6. The relationship between the total amount of acid and pepsin 
secreted in response to the meal is relatively fixed for 21 out of 24 records. It 
therefore seems likely that there is some influence which co-ordinates the 
response of the two separate mechanisms controlling the secretion of acid and 
pepsin; for example, levels of vascularity of the mucosa might be responsible 
for the relationship between the two secretions. Such a mechanism, if it 
operated by altering the reactivity of the secreting cells, would give rise to a 
constant relationship between the amount of acid and pepsin secreted in 
response to a stimulus acting on the gastric mucosa directly, e.g. histamine. In 
fact such a relationship has been found to exist (Hunt, 19506). The hypo- 
thetical influence must therefore be able to intercede between the parietal cell 
and histamine. 

Since temporary changes in the response of the stomach to the test meal 
show this relationship between the secretion of acid and pepsin, a purely 
anatomical explanation, that mucosae having large numbers of pepsin-pro- 
ducing cells have corresponding numbers of parietal cells, is not the complete 
explanation of the observations. 

There is little evidence to show how the pectin meal stimulates the secretion 
of gastric juice. The main property of the meal is its physical bulk. This might 
be expected to operate by giving rise to the anticipation of a large meal, by 
setting up an afferent discharge during swallowing, and by distending the 
stomach. The afferent stimuli set up during swallowing are not apparently of 
any significance in this context, since giving the meal down the tube does not 
alter the gastric response (Hunt & Macdonald, 1951). 

It is perhaps relevant to ask whether the secretory pattern disclosed by these 
experiments is well adapted to the digestion of a meal. The high rate of secre- 
tion of acid and pepsin at the beginning of the digestive period increases the 
proteolytic activity within the stomach quickly when the volume of meal in the 
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stomach is large, a process which is normally aided by the presence of the 
resting juice. With ordinary meals the gastric juice does not immediately mix 
uniformly with the meal so that the actual acidity and proteolytic activity 
around the food mass must be higher than is suggested by the results of fluid 
test meals. The second peak in the rate of secretion of pepsin; when it occurs, 
would serve to increase the rate of proteolysis when it was tending to fall as a 
result of the increasing concentration of the end products of digestion. 

The small absolute increase in the rate of secretion of the alkaline component 
towards the end of the digestive period is effective in neutralizing the gastric 
contents because it occurs at a time when the volume of the gastric contents is 
small. 

The pectin meal is, by design, a very poor substitute for food. The author 
finds that even when 1200 ml. of the meal passes into his duodenum, it leaves him 
ravenously hungry for a real breakfast. However, the traditional gruel meal 
is no better in this respect, and the results with the pectin meal in terms of the 
concentrations of acid and chloride in the gastric contents and emptying time 
are remarkably similar to those obtained with the gruel meal by Baird et al. 
(1924). The main virtue of the pectin meal is that it offers the possibility of 
adding fat, carbohydrate, etc., to a stimulus which at the moment is almost 
pure bulk. 

The description of the secretory response in terms of Hollander’s two-com- 
ponent hypothesis has the advantage that it draws attention to the fact that 
the amount of acid which can be recovered from the stomach is not the amount 
secreted, since it may be partly neutralized by the alkaline component. This 
alkaline fraction of the gastric juice may have some clinical importance since 
it has been found in a recent study that it is present in nearly double the normal 
proportion in the histamine- and insulin-stimulated juice of patients with 
peptic ulcers (Hunt, 1950a). The main value of the Serial Test meal is that it 
has provided the basic pattern of gastric activity in man in terms of the 
amounts secreted and emptied from moment to moment. This is the first time 
that it has been possible to give quantitative expression to these two phases of 
gastric activity. It now becomes possible to appreciate how the composition of 
the gastric contents, which is the resultant of these two activities, is achieved. 
This provides a basis upon which to superimpose variables such as the com- 
position, or method of administration, of the test meal. 


SUMMARY 
1. A method of estimating the gastric secretory response to a test meal, in 
terms of amounts of acid, chloride and pepsin secreted as the meal progresses, 
is described. 
2. The volume of the gastric secretion can be calculated from the amounts 
of acid and chloride secreted. 
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3. The volume of secretion can be subdivided into two components, the acid 
parietal component and the alkaline non-parietal component. 

4. The results of the application of the method to a group of 21 normal 
subjects are given. | 

5. The method and the significance of the results is discussed. 
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THE EFFECT OF INTRA-GASTRIC INSTILLATION 
OF A MEAL ON GASTRIC FUNCTION IN MAN 


By J. N. HUNT AD I. MACDONALD 
From the Department of Physiology, Guy's Hospital, London, G. E. 1 
(Received 3 April 1950) 


It seemed possible that afferent impulses from the mouth, pharynx and oesoph- 
agus set up during the swallowing of a meal might be of some significance in 
determining the subsequent gastric response. This paper describes the results 
of experiments in which the emptying and secretion of the stomach after a 
swallowed meal were compared with that after a meal introduced into the 
stomach through a tube. 

METHODS 

Experimental. The ordinary routine of the Serial Test meal (Hunt & Spurrell, 1951; Hunt, 1951) 
was used except that on ‘Test’ days the 750 ml. of pectin meal were introduced into the stomach 
through the tube previously used to wash out the stomach. Serial withdrawals were made up to 
60 min. after the beginning of the meal. 

Statistical, The data on the volume of secretion and amounts of pepsin for test and control meals 
were plotted cumulatively against time, for each subject, and a straight line was fitted passing 
through zero time. 

This method has the merit that it completely removes any element of personal bias which may 
exist in the drawing of cumulative lines by eye. 


RESULTS 


The results are described in terms defined in the account of the Serial Test meal 
method (Hunt & Spurrell, 1951). 

In Table 1 the number of withdrawals from each of the 8 normal medical 
students are shown, together with the ‘half-lives’ of the emptying process 
calculated from the data obtained under the control and experimental con- 
ditions. In both the emptying was exponential. The values of the log of 
the ratio of the two ‘half-lives’ obtained for each subject shown in the last 
column give equal weight to a doubling or halving of the ‘half-life’ of the 
emptying process, The ‘half-lives’ were not systematically modified by giving 
the meal down the tube, although there was a tendency, which would occur 
once in ten by chance, for the mean ‘half-life’ to be shorter when the meal was 
put down the tube. , 
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In Table 2 the ‘starting indices’ of the emptying process for these meals are 
shown not to have been systematically modified by giving the meal down the 


tube. 
5 Tam 1. The influence of swallowing a test meal on gastric emptying 


Method of ingestion 
 Swallowed Down tube 
“No.of ‘Half-life’ No.of ‘Half-life’ 

with. (min.) wih ( 
Subject  drawale A B Log B/A 
B.AM.A. 4 34-2 4 26-1 
IB. 4 12-8 4 143 +0-05 
8.F. k. 4 68-4 4 -0-07 
H.C.C. 5 16-7 4 18-8 +0-05 
S.M. 4 9.7 4 9-4 _0-01 
R. H. y. 3 14:3 4 6-8 ~ 0-82 
JN. H. 5 21-5 5 11-5 0.28 
LGF. 3 23-2 2 0-39 

32 31 P=01 


Tam 2. The influence of swallowing a test meal on gastric emptying 


Method of ingestion 
Swallowed Don tube 
‘Starting index’ (min.) 

Subject 95 B B-A 
B. A. M. A. - 16-5 — 58 10-7 
J.B. 8-6 5-0 — 3-7 
S. F. E. - 48-9 - 42-1 6-8 
H. C. C. 6-3 - 03 — 67 
8.M. 12-9 17-0 4-0 
R. H. F - 31 8-3 113 
J. N. H. 6-7 - 21 - 88 
I. C. F - 065 4-4 4-9 

Mean = +2-3 

Taste 3. The influence of swallowing a test meal on the secretion of parietal component 
Method of ingestion 
Swallowed Down tube 
Volume of parietal oomponent (ml.) 

Subject ‘a B Log B/A 
B. A. M. A. 119 133 +0-04 
J 80 74 — 0-03 
8.F.E. 56 41 — 014 
H. C. C 86 77 - 0-05 
S. M. 86 55 —0˙20 
R. H. F. 149 182 7＋0˙09 
J. N. H. 131 103 —0˙11 
I. C. F. 156 194 +0-09 


Hiei Tables 3, 4 and 5 the data on the secretion of the parietal component, 
non-parietal component, and pepsin are set out. None of the differences 
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between the control and experimental series have been found to be 
significant. 

It seemed possible that there might be a relatively small difference in the 
volumes secreted during the first part of the digestive period which might be 
masked by considering the data cumulatively up to 60 min. Therefore the data 
were re-examined to make a comparison restricted to the first 30 min. of the 
digestive period. It was found that the amounts of pepsin and parietal component 
secreted during this period were not systematically influenced by giving the 
meal down the tube. 


Tanz 4. The influence of swallowing a test meal on the secretion of non-parietal component 
Method of ingestion 
Swallowed Down tube 
Volume of non-parietal component (ml.) 


Subject A B Log B/A 
B. A. M. A. 23 28 +0-08 
J.B. 71 66 -— 0-03 
8. F. E. 26 30 +0-06 
H. C. C. 25 19 -0-12 
S. M. 77 83 +0-03 
R. H. F. 35 55 +0-20 
J.N.H. 64 57 — 0-05 
I. C. F. 13 27 +0-32 
Mean = +0-06 


Tann 5. The influence of swallowing a test meal on the secretion of pepsin 


Subject 5 Log 

M.A. 21,000 22,800 +004 

IB 15,600 13,800 
G0. 19.200 16,800 0.06 
SF. E. 13,800 9,000 0.19 
8. M. 10,800 7,200 0-18 
31,500 32,850 +0-02 
JN. H. 9.900 6.050 0.21 
19.200 27,200 +015 
Mean = - 0-06 

DISCUSSION 


From the results given above it is plain that giving a pectin meal down a tube 
did not systematically eliminate any significant fraction of the total stimulation 
leading to the secretory activity of the stomach. This is in accord with Pavlov's 
findings in dogs (Pavlov, 1902) and Wolf & Wolff's (1944) work in Tom. Thus 
the early peak in the rate of secretion of gastric juice after the ingestion of a 
- pectin meal is not the result of afferent impulses initiated by swallowing, nor 


Method of ingestion 
— — — — 
Swallowed Down tube 
Amount of pepsin (units) 
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does the absence of such impulses significantly modify emptying. The slight 
shortening of the ‘half-life’ could be accounted for as the result of the absence 
of part of the receptive relaxation of the stomach when swallowing is eliminated. 


SUMMARY 


1. The emptying and secretion of the stomach after a swallowed meal were 
compared with the emptying and secretion after the meal had been introduced 
into the stomach through a tube in 8 normal subjects. 

2. The emptying process, as measured by the ‘half-life’ and the ‘starting 
index’, was not significantly influenced by the test procedure. 

3. The amounts of parietal component, non-parietal component, and pepsin 
secreted in response to the meal were not significantly influenced by the test 
procedure. 

4. It was concluded that the absence of afferent impulses from the mouth, 
pharynx and oesophagus did not modify gastric digestive activity in response 
to the pectin meal. 


Hunt, J. N. (1951). J. Physiol. 113, 169, 
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Pavlov, I. P. (1902). The work of the digestive glands. London: Griffin. 

Wolf, S. & Wolff, H. G. (1944). Human Gastric Function. London: Oxford Medical Publications. 
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THE ABSORPTION OF ACETATE, PROPIONATE AND 
BUTYRATE FROM THE RUMEN OF SHEEP 


By M. J. MASSON Axp A. T. PHILLIPSON 
From the Rowett Research Institute, Bucksburn, Aberdeenshire 


(Received 3 April 1950) 


When solutions of sodium acetate, propionate and butyrate are placed separately 
in the empty rumen of sheep anaesthetized with nembutal, analysis of the blood 
leaving the rumen shows that absorption of the acids occurs and that the rate 
of absorption appears to decrease as the molecular size increases (Barcroft, 
McAnally & Phillipson, 1944). Recently this was reinvestigated by Gray (1948), 
who concluded that no absorption at all occurred from the rumen of sheep 
when the pH was slightly alkaline as would be expected when solutions of the 
sodium salts are introduced. Gray’s method consisted of introducing solutions 
of sodium acetate and propionate into the empty washed rumen of an un- 
anaesthetized sheep through a rumen cannula. Pectin was included in the 
solution as a marker. The solution was allowed to remain in the rumen for 
5 hr. or more and was then removed and the interior of the organ was washed 
with water. The loss of pectin from the rumen was taken as indicative of the 
quantity of solution that had passed on to the abomasum; on this basis the 
quantity of acetate and propionate absorbed from the rumen was calculated and 
found to vary between —10 and +22 m.equiv. during 5 or 6 hr. In addition, 
Gray (1948) introduced solutions of pectin or sodium acetate into the empty 
rumen of anaesthetized sheep from which the exits were blocked by ligature, and 
found a loss of less than 5% of either substance over an experimental period of 
4 hr. 

Acetic, propionic and butyric acids are absorbed more rapidly than the 
corresponding anions, and the rate at which free acid disappears from the rumen 
increases with the length of the hydrocarbon chain (Danielli, Hitchcock, 
Marshall & Phillipson, 1945; Gray, 1947). If the epithelium of the rumen is 
impermeable to the anion, as Gray (1948) contends, then the ratio propionic/ 
acetic and butyric/acetic should be greater in the blood leaving the rumen than 
in the rumen contents, but this is not so (Kiddle, Marshall & Phillipson, 1951); 
in fact, the mixture of acids in the blood leaving the rumen is much the same as 
that in the rumen except that it contains less butyrate. 
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On account of these contradictions a further series of experiments on the 
absorption of acetate, propionate and butyrate from the rumen has been 
conducted, and the results are recorded in this paper. 


METHODS 


Chemical. Acetic, propionic and butyric acids were determined by steam distillation, after 
acidifying with sulphuric acid, using a ‘Markham’ still. The distillates were titrated with carbon- 
free 0-02 or 0-05-potassium hydroxide under carbon-dioxide-free conditions using phenol red as 
indicator. In one experiment in which rumen liquor was used total volatile acid was determined 
in the same way after precipitation of protein by McAnally’s reagent (McAnally, 1944). 

Volatile acid in blood was determined by a modification of the method of McClendon (1944), 
the details and accuracy of which are described elsewhere (Kiddle et al. 1951). 

Chloride was determined in earlier experiments by the Volhard method, and in later experiments 
by the micro method developed for blood (Van Slyke & Sendroy, 1923). 

Carbon dioxide was determined manometrically using a Van Slyke mercury pump. The solution 
for analysis was drawn from the rumen anaerobically and the solution pumped by mercury under 
thick layer of liquid paraffin. All determinations were carried out within an hour of the sample 
being taken. 

pH was determined electrometrically using a glass electrode. 

Surgical. All sheep were fitted with a permanent ebonite rumen cannula by aseptic operation 
3 weeks or more before the experiment. With two animals this operation was deliberately delayed 
and performed as part of the experiment. Food was withheld for 3 days before the experiment as 
this was the procedure adopted by Gray (1948), and the ramen was emptied and washed clean with 
warm water on the morning of the experiment. 

All animals were anaesthetized by the intravenous injection of nembutal. A tracheal cannula 
was inserted, the oesophagus ligated, and the carotid and jugular vein exposed on the right side— 
the vein for further injection of anaesthetic. 

The next procedure was to open the abdomen in the mid-line immediately caudal to the xiphoid 

cartilage and to place a ligature between the omasum and abomasum underneath the epiploic 
vessels in the manner adopted by Barcroft et al. (1944), Danielli ef al. (1945) and later by Gray 
(1948). As Gray points out, a small pocket of abomasal mucosa is always present oral to the ligature 
owing to the sloping plane of the omasal-abomasal orifice. This allows a slight possibility of absorp- 
tion through mucosa that is not stratified and squamous and the possibility of contamination of the 
rumen contents by gastric juice. In order to eliminate this possibility, a method of closing the 
reticulo-omasal orifice in a similar, manner to that adopted for the omaso-abomasal orifice was 
tried and found possible. An abdominal incision 2 in. caudal to the line of the ribs extending 12 in. 
on the right side towards the mid-line was adopted for this method. The higher position for the 
ligature was subsequently used and had no influence upon the results, as similar rates of absorption 
occurred irrespective of its position. When the ligature closing the exit was in place the abdominal 
wound was closed. 
In experiments in which blood was withdrawn from the rumen veins, a higher incision in the 
right abdominal wall was necessary in order to expose the required vessel. This incision was closed 
by ligature after each sample was withdrawn. The advantage of placing the ligature in the high 
position is that the same abdominal incision will give access to the posterior rumen vein. 


RESULTS 

Absorption of volatile acid from alkaline rumen liquor 
The second experiment was the only one of its kind, and as it offers convincing 
proof of absorption of volatile acid when the rumen contents are slightly alkaline, 
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and supports the contention that absorption from alkaline contents is not so 
great as from acid contents, it is discussed in some detail. 

Food was withheld for 48 hr. only before the experiment; the rumen was 
emptied and the contents collected and strained through muslin to remove the 
coarse material. 2900 ml. of liquor was collected and to it was added 300 ml. of 
normal acetic acid, and the whole was replaced in the rumen after warming to 
body temperature. Blood samples were withdrawn from the carotid artery and 
rumen vein 25-30 min. later. The rumen was then washed out with warm water 
and finally 3 I. of water were introduced. Blood samples were taken 14-17 min. 
later and the water was removed from the rumen. The rumen liquor in the 
meantime had been made alkaline by the addition of bicarbonate; this was 
re-introduced into the rumen after warming to body temperature, and blood 
samples were taken 6 min. later and again at 21-23 min. 

The concentration of total volatile acids in both the acid and alkaline liquor 
and the pH were determined before each was placed in the rumen and after they 
were removed, and these values are given in Table 1, together with the con- 
centration of steam-volatile acid found in the blood. 


Tant 1. The concentration of volatile acid in the blood leaving the rumen 
in relation to the concentration and pH of rumen liquor 


Contents 
Blood Total volatile acid U 
Time after (m. equiv. / 100 ml.) (m. equiv. 100 ml.) pH 
introduction ~ A A 

of dose (min.) Carotid Rumen In Out In Out 
Acid liquor 25-30 0-09 0-79 103 9-4 5-5 5-9 
Water 14-17 0-02 0-02 2 2 

6 . 7. 

Alkaline liquor ba * — 7.7 7.3 8-3 8-0 


The point that stands out clearly from this experiment is that when either 
acid or alkaline liquor are present in the rumen the total volatile acid in the 
blood leaving the rumen is substantially greater than the concentration present 
in the arterial blood, while when water is present both values are small. This 
experiment, in fact, gives a clear indication that absorption occurs when the 
rumen contents are acid or alkaline. 

No ligature was placed around the exit from the rumen in this experiment, 
but the oesophagus was ligated so that no dilution with saliva could occur, and 
the fact that there is an appreciable drop in concentration of volatile acid of 
both the acid and alkaline contents while they remain in the rumen again 
indicates absorption. The dilution of volatile acid produced by introducing 
sufficient concentrated bicarbonate to render the contents alkaline makes it 
impossible to assess the different rate of absorption by the concentration 
appearing in the blood, but it is interesting that the fall in concentration of 
volatile acid in the acid contents is more than twice that of the alkaline contents 
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during similar periods, while the arterio-venous difference when the acid liquor — 

was in the rumen is three times greater than when the alkaline liquor was 5 

present. This experiment, therefore, gives additional support to the conclusion tl 

of Danielli et al. (1945) and Gray (1947) that absorption is more rapid when Pe 

acid conditions prevail in the rumen. T 
One unsatisfactory point is that although the concentration of volatile acid 5 


in arterial blood was appreciable when the acid liquor was in the rumen and 3. 

small when water was in the rumen, it did not increase when the alkaline liquor b 

was present; instead it decreased slightly. This is not in keeping with subsequent 

experiments described in this paper. . 11 
The shift in pH from acidity and alkalinity towards neutrality is a further 11 

indication of the passage of ions from the liquor to the blood and possibly in 

the reverse direction. | T. 


The concentration of fatty acid in the rumen in relation 
| to the concentration in blood draining the rumen 
Danielli et al. (1945) found that the rate of disappearance of anions was 
consistent with the hypothesis that absorption was due to diffusion through 
‘water-filled pores’. If this is so, then the rate of absorption should be directly 
related to the concentration in the rumen. 

Three experiments with varying concentrations of acetate were performed, 
one with propionate and one with butyrate. Two methods were adopted: the 
first was to place, in sequence, 0-08, 0-16 and 0-33 M. solutions in the rumen, and 
to wash the rumen well with water in between each solution. Blood was drawn 
from the carotid artery and rumen vein immediately before and after the 
introduction of each solution and at the end of the experiment while water was fi 
still in the rumen. The second method was to start with a weak solution of the b. 
salt in question and to increase the concentration in stages by the addition of th 
known amounts of a concentrated solution of the salt. Arterial and venous blood th 
was drawn after each increase in concentration. 


The results of the two experiments in which the first method was used are th 
given in Table 2. gr 
TaBLE 2. The concentration of volatile acid in blood draining the rumen and in arterial th 
blood caused by different concentrations of acetate and butyrate in the rumen ; 
(m.equiv./100 ml.) 4 

When acetate i in : 1 
rumen, Ww 


presen — tin rumen Carotid Rumen vein Difference Carotid Rumen vein Difference in 
. 0 0-01 0-01 — 0-02 0-03 0-01 x, 
8-0 0-07 0-38 0-31 0-02 0-04 0-02 
0 0-01 0-01 — 0-01 0-01 — 80 
8 16-6 0-10 0-64 0-54 0-03 0-08 0-05 
0 0-03 0-04 0-01 0-02 0-02 — 
33-3 0-16 1-00 0-84 0-07 0-30 0-23 
| 0 0-01 0-038 0-02 0-02 0-02 — 
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These experiments leave one in no doubt that raising the concentration of 
acetate or butyrate in the rumen increases the amount of steam-volatile acid in 
the blood leaving the rumen, and that acetate appears in the blood in greater 
concentration than butyrate when equimolar solutions are present in the rumen. 
Thisis particularly marked at the lowest concentrations, and becomes less obvious 
as the concentration increases, the differences being approximately 15, 11, and 
3-5 times greater with acetate than with corresponding concentrations of 
butyrate. 

Three experiments were done by the second method, and the results are given 
in Table 3, in which the arterio-venous difference compared to the concentration 
in the rumen is given. 


Tax 3. The difference between the concentration of volatile acids present in carotid and rumen 
blood when different concentrations of acetate and propionate are present in the rumen 


m.equiv./100 ml. 
Acetate, Exp. 3 Acetate, Exp. 4 Propionate, Exp. 13 
Arterio- Arterio- Arterio- 
venous 
Rumen difference Rumen _ difference Rumen difference 
0 0 0 0 0 0 
3-3 0-34 3-0 0-40 3-1 0 
5-0 0-39 3-3 0-34 4:7 0-02 
6-7 0-45 41 0-38 6-6 0-03 
10-0 0-48 8-6 0-41 9-4 0-06 
16-6 0-91 — — 15˙3 0-06 
33-3 1-59 — — 27˙9 0-32 


The arterio-venous difference between carotid and rumen blood was insigni- 
ficant when low concentrations of propionate were present in the rumen. It 
became appreciable only when the rumen concentration exceeded 0-28m. At 
this concentration the arterio-venous difference was greater with propionate 
than those previously found for butyrate. 

Acetate appeared to pass into the blood at low concentrations more readily 
than either propionate or butyrate, while at higher concentrations although a 
great variation was found in the actual quantity present in the blood draining 
the rumen these quantities were consistently greater than those found for 
propionate and butyrate and the difference is undoubtedly a real one. 

These experiments confirm the earlier findings of Barcroft et al. (1944) that 
when the sodium salts of the acid are present in the rumen they enter the blood 
stream through the wall of the rumen and that the concentrations appearing 
in the venous blood decreases in the following order: acetate > propionate 
> butyrate. In all these oe care was taken to maintain the pH of the 
solution above 7. 
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The quantity of acetate, propionate and butyrate 
absorbed from the rumen 

The experiments just reported establish conclusively that the sodium salts 
of these three acids pass across the rumen epithelium to the blood. They provide 
no evidence, however, whether the amount disappearing is a significant part 
of that present in the rumen; for this reason experiments were performed in 
which the fall in concentration of each individual acid was followed and the total 
quantity lost over a standard period of time was estimated. The experimental 
procedure was as follows. 

The entrance and exit to the rumen were closed by ligature as described 
previously; the rumen was given a final washing to remove the last traces of 
the food and from 2600 to 3000 ml. of a O- 166 M. solution were introduced into 
the rumen. A sample of the solution was retained for analysis and measured 
samples were withdrawn from the rumen at 5, 60, 120 and 180 min. after 
introduction. At the end of 3 hr. the solution was removed, the organ was 
allowed to drain as completely as possible, and the volume recovered was 
measured. The rumen was washed twice with 1 1. of warm water and the animal 
was killed by bleeding. The whole stomach was then removed from the body 
after a double ligature was placed around the oesophagus at the diaphragm 
and finally washed with a third litre of warm water. The position of the omasal 
ligature was checked and its efficiency in closing the exit to the rumen was 
tested. In no experiment did we have any reason to believe that loss of solution 
had occurred except by absorption. Finally, the thoracic portion of the oeso- 
phagus between the ligatures was removed and any solution in it collected, 
together with washings, so that the acid contained in it could be estimated. 
The amount of acetate recovered from the rumen, together with the amount 
of acetate present in the washings, the oesophagus, and withdrawn in samples, 
were added together and deducted from the quantity introduced. In this way 
the loss of acetate was found. 

In Table 4 the actual loss of acetate from the rumen during 3 hr. is given. 


TaBLE 4. Loss of acetate from the rumen during 3 hr. 


Loss of 
acetate from 

Exact of Lowest pH Introduced Withdrawn the rumen 

Exp. no. . period recorded (m. equiv.) (m. equiv.) (m. equiv.) 
5* 3 hr. 71 351 270 81 
6* 3 hr. 10 min. 7-0 489 461 28 
7 3 hr. 8 min 7-4 439 313 126 
8 3 hr. 10 min. 73 478 365 113 
12 3 hr. 11 min. 75 499 322 177 


* The cannula was inserted as part of the experiment. 


Exps. 5 and 6 differ from the remainder in that the rumen cannula was not 
inserted previously by aseptic operation but was introduced as a part of the 
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actual experiment. This was done deliberately in order to see whether the 
additional surgical interference would influence the results. The rate of absorp- 
tion in these two experiments is lower than with the remainder and this is so 
particularly with Exp. 6. In this experiment, however, a further complication 
occurred, for the rumen cannula was inserted before the oesophagus was ligated 
and spontaneous regurgitation resulting in aspiration of liquid stomach contents 
into the trachea caused respiratory failure. Artificial respiration was applied 
and a tracheal cannula was inserted as quickly as possible; the animal recovered 
and the experiment was completed. Whether this was responsible for the ex- 
tremely low rate of absorption found is a matter of speculation. All that can 
be said is that in both Exps. 5 and 6 an additional operation involving actual 
incisions of the rumen wall was carried out as part of the experiment, and in 
these two the amount of acetate disappearing was considerably less than in the 
other experiments in which the cannula was fitted 3 weeks or more before. 

Exactly similar experiments in which 0-166m. sodium propionate and 
sodium butyrate were introduced into the rumen were conducted, and the 
results of these experiments were rather surprising in that the quantity of 
butyrate disappearing from the rumen was the same or greater than that of 
acetate and the rate of disappearance of propionate was variable. The results of 
nine comparable experiments in which the rate of disappearance of acetate, 
propionate and butyrate per hour has been calculated are given in Table 5. 
The three results for acetate are those calculated from the data given in Table 4 
for Exps. 7, 8 and 12. 


TABL 5. Rate of disappearance of acetate, propionate and butyrate from the rumen. 
The number of the experiment in the whole series is given in brackets 


Acetate Propionate Butyrate 
(m.equiv./hr.) (m.equiv./hr.) (m-.equiv./hr.) 
40 (7) 12 (14) 40 (16) 

34 (8) 39 (19) 53 (17) 

56 (12) 23 (20) 52 (18) 


It is clear that the rate of disappearance of the individual acids is quite 
different from the picture one would expect from the concentrations appearing 
in the blood. The irregularity of the values found for propionate does not give 
any convincing demonstration of the rate at which it is absorbed when com- 
pared to acetate and butyrate. 

In the experiments described earlier, in which the effect of increasing con- 
centrations of propionate were compared to the concentration appearing in the 
blood stream leaving the rumen, the exit from the rumen, as well as the 
oesophagus, was ligated so that an estimate of the propionate lost during the 
experiment could be made. The loss per hour was approximately 9 m.equiv. 


This value, together with the first value given in Table 5, led us to believe that 
13—2 
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propionate was absorbed less rapidly than acetate or butyrate; the two sub- 
sequent experiments, however, failed to confirm this. 

The falls in concentration that occurred while these solutions were present in 
the rumen are illustrated in Fig. 1. A sharp initial fall during the first 5 min. 
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Fig. 1. The fall in concentration observed during the 3 hr. after 0-166 M. solutions of sodium acetate, 
propionate and butyrate were introduced into the empty rumen. 


after introduction is a common feature, while in many of the experiments the 
subsequent fall tends to decrease with time, although the decrease is relatively 
small. This we attribute to a deterioration in the condition of the circulation of 
the animal during the experiment. It cannot be attributed to an increase of 
volatile acid in the circulating blood, for this was estimated in each experiment 
and the concentration showed only a small increase. This aspect of the work 
will be discussed later. 

Volume changes in the rumen are small and can have little influence on the 
concentration curve. In all this work the quantity of solution recovered at the 
end of the 3 hr. period has been within 200 ml. of the quantity introduced after 
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allowance was made for samples withdrawn; in many instances it has been 
different by less than 100 ml. 

When individual animals are used for each experiment, as in the experiments 
recorded in Table 5, the questions of individual variation and of the reaction 
of the animal to the operative procedures must be considered. The best way of 
comparing the different rates of absorption is to compare all three compounds 
on the same animal under identical conditions, but the accuracy of the 
chromatographic method of determining acetic, propionic, and butyric acids 
together is not sufficient to detect with certainty the slight differences that 
could be expected from the previous data (see Table 5). For this reason we have 
adopted the following method: 0-166 M. solutions of sodium acetate, propionate 
and butyrate are made up separately and introduced into the rumen of the same 
sheep one after the other; each solution is allowed to remain in the rumen for 
1 hr. and in between each period the rumen is washed three times with 1 I. of 
warm water. In addition, blood is drawn from the posterior rumen vein at the 
end of each hourly period so that the actual rate of disappearance can be related 
to the concentration appearing in the blood leaving the rumen. 

Two experiments, nos. 9 and 10, were performed on the same principle, the 
object being to compare the influence of pectin and cobalt upon the rate of 
absorption of acetate. Neither substance appeared to influence the rate of 
disappearance, and the rate of fall in concentration of three equimolar solutions 
of acetate introduced into the rumen for hourly intervals is given in Fig. 2. 
The rate of decrease is less with each successive hour; this is most marked with 
the third hour, for in Exp. 10 there was little to choose between the first and 
second hour. On account of this the method cannot be expected to give com- 
parable results concerning the amount of acid lost, but if the quantity increases 
during succeeding periods there is reason to suppose that there is a real 
difference in the rate of absorption. 

The first experiment in which the three different solutions were compared in 
this way gave the results shown in Table 6. The loss of fatty acid from the 


TaBiz 6. Loss of fatty acid in relation to concentration in rumen blood (Exp. 21) 


Concentration in 
rumen blood at the 
end of the hour after 
Loss deduction of arterial 
Hr Solution (m.equiv./hr.) value (m.equiv./100 mi.) 
2 Sodium propionate 
3 Sodium — 60 0-23 


rumen in relation to the concentration appearing in the blood is the reverse 
of that which would be expected, and it seems clear from this experiment that 
analysis of the blood does not give a picture of the individual rates of absorption 
from the rumen. Two possibilities could explain this: the first is that these acids 
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enter the lymph stream, the second is that they are metabolized in the wall of 
the rumen. The difference between the concentrations of acetate and propionate | 
appearing in the blood is small but significant, and the amount of propionate 
in the blood is considerably greater than the amount found in the earlier 
experiment, no. 13, for the same concentration. 

The most interesting feature is that loss of butyrate was greatest while the 
concentration appearing in the blood was less than a quarter that of the other 
acids, and the probability is that butyrate is rapidly metabolized in the wall 
of the rumen. This possibility also exists for both acetate and propionate, 
but if it should prove to be so, loss due to metabolism must be far less than 
with butyrate. 

A second experiment was carried out and in this the rates of absorption are 
small and comparable to those of Exp. 9 (see Fig. 2). Even so, the relation 
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Decrease in concentration (m. equlv./ 100 mi.) 
— 
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Fig. 2. The fall of concentration observed when three successive solutions of 0-166 M. ggstium 


I hr. 


between the rates of absorption and the level of volatile acid in the blood 
draining the rumen bear the same relation to each other as in the previous 
experiment. The highest level in the blood was obtained when acetate was 
present, although it was absorbed at the slowest rate. Propionate, although 
absorbed more rapidly, produced a lower value for volatile acid in rumen blood 
while butyrate, which was absorbed at an intermediary rate, produced a barely 
appreciable increase in the volatile acid content of the blood. The figures in 
Table 7 confirm the conclusions of the earlier experiments, although it is clear 
that some of the low values obtained for blood when increasing concentrations 
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of propionate and butyrate were used reflect as well a low rate of absorption 


in those particular experiments. 
Taste 7. Loss of fatty acid in relation to concentration in rumen blood (Exp. 22) 
Concentration in 
rumen blood at the 
end of the hour after 
Loss deduction of the arterial 
Hr Solution (m.equiv./hr.) value (m.equiv./100 ml.) 
1 Sodium 21 0-07 
2 Sodium butyrate 17 0-02 . 
3 Sodium acetate 11 0-14 


The influence of introducing solutions of sodium acetate, propionate and butyrate 
into the rumen upon the concentration of volatile acid in the arterial blood 
In every experiment performed samples of carotid blood were drawn at the 
same intervals as those from the rumen. The data given in Table 2 show that the 
increases in response to the introduction of acetate at various concentrations 
were significant and greater than those obtained when equimolar solutions of 
butyrate were introduced. 


Taste 8. The increase in volatile acid in peripheral blood in relation to rate of absorption 
(m.equiv. acid/100 ml. blood.) 


4 


Acetate Propionate 
Exp. no. Exp. no. Exp. no. 
Before 00s — 002 003 002 0038 006 004 004 008 0-04 
5 006 008 O14 O12 — 004 004 — — 007 O15 
60 0-09 0-05 O13 O11 O16 006 004 004 004 0˙06 0-22 
120 O15 0-09 O11 O11 O19 0:07 004 003 004 004 014 
180 0-11 O10 010 0-08 0-05 004 004 0:04 003 007 
After — 008 003 006 005 002 005 004 002 002 0-05 
Lossinm.equiv., 27 9 40 34 56 12 30 23 40 53 32 
hr. from the 
rumen 


The figures given in Table 8 are those obtained during the experiments 
recorded in Tables 4 and 5. A comparison of the increase of volatile acid in the 
arterial blood with the amount of the acid disappearing from the rumen shows 
clearly that the rate of disappearance of acetate from the rumen is correlated 
with the concentration appearing in arterial blood. The exception to this is the 
result for Exp. 5 in which quite a high concentration appeared at 120 min., 
although the rate of absorption was lower than with Exps. 7, 8 and 12. This 
animal had a cannula tied into the rumen as part of the experimental procedure, 
and a study of the concentration curve gives the impression that the ability of 
the rumen to absorb is slowly recovering (Fig. 1). The fall in concentration in 
the rumen during the first 5 min. was so abrupt, more so than in any other 
experiment, that it suggests dilution of the solution introduced as well as 
absorption; from 5 to 60 min. the decline in concentration in the rumen is less 
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rapid than with Exps. 7, 8 and 12, although in the later period it increased and 
this may be the reason why a concentration in the peripheral blood was delayed. 
The total volume introduced in this experiment was less than with the remainder 
and the total absorbed is less. | 

In none of the three experiments with propionate is any appreciable increase 
shown in the peripheral blood, even in Exp. 19, when the rate of disappearance 
is as great as that of acetate or butyrate. : 

The results from butyrate are irregular. In Exps. 16 and 17 no increase 
occurred in peripheral blood, while in Exp. 18 the increase was considerable. 
The experiment recorded in Table 2 shows little increase in the peripheral 
blood, so that in four experiments three show little or no increase and one 
considerable increase. 

A considerable portion of acetate appears to escape metabolism in the wall 
of the rumen and the liver and enters the general circulation; this is not true 
for propionate, and it seems clear that propionate entering the portal blood 
stream is metabolized in the liver and presumably converted to glycogen. 
Butyrate, in three out of four experiments, was removed by the wall of the 
rumen and by the liver. 

The change in rumen pH | 

In all experiments the pH of the solutions introduced into the rumen was 
adjusted to between 8-5 and 9-5 by the addition of small quantities of normal 
sodium hydroxide. The pH of samples withdrawn from the rumen 5 min. after 
introduction was always determined, and further samples were checked at one- 
half or hourly intervals throughout the experiment in order to ensure that the 
reaction was maintained on the alkaline side of neutrality. When necessary 
1 or 2 ml. of normal sodium hydroxide were added to the rumen. In the majority 
of experiments the pH of the solution dropped abruptly to between 7 and 8 
within 5 min. of introduction, and thereafter tended to come to a constant level 
varying from 7-2 to 7-6 despite the further introduction of sodium hydroxide. 
The constancy of the shift in pH is best illustrated by an experiment in which 
gradually increasing strengths of acetate were introduced into the rumen 
(Table 9). 


TaBiz 9. The change in pH where alkaline solutions of sodium acetate are introduced 


into the rumen 
Approximate 
strength of 7 re — 
solution In Out 
30 7-7 71 
12 8-8 76 
1 20 8-9 8-0 
10 9-2 8-4 


The experiments which lasted for 3 hr. conformed to a pattern, and the 
initial fall in pH with the subsequent steadiness of the pH in the region of 
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7-4-7-6, or sometimes a trifle higher makes it appear as though the interior of 
the rumen and the blood were coming into equilibrium as regards H or OH ions. 


The details of the initial pH of the solution, the pH at 5 min. and the final 
pH are given in Table 10. 


Taste 10. Change in pH of alkaline solutions introduced into the rumen 
Exp. no. 


Solution 87 O81 9.1 92 89 96 O4 86 92 87 
5 min. 72 13 74 74 76 74 76 76 72 176 176 
Lowest point 71 #70 74 7.3 #75 72 #75 74 72 5 76 
hr. 75 73 76 74 #78 74 786 77 178 78 178 


There are two interesting features in the pH changes that occurred. The 
first is the abrupt fall during the 5 min. after the introduction of the solution 
into the rumen, and the second is the stability of the pH in the region of 
7-2-7-6 over the remainder of the experiment in spite of the absorption of 
fatty acid. 

We have no evidence with which to explain the primary fall, but we have 
attempted to explain the subsequent stability of the pH. The sodium concen- 
tration in the solutions used was 383 mg./100 ml., a figure which is close to that 
given for the whole blood of sheep (Dukes, 1947), so that there is no reason to 
suppose that change in the concentration of sodium in the rumen was large; 
on account of this it was important to find out whether the anions absorbed 
were replaced by anions from the blood. Previous work showed that the con- 
centration of chloride in the ramen and omasum of normally fed sheep was in 
inverse proportion to the concentration of fatty acid present (Phillipson, Green, 
Reid & Vowles, 1949), and a relationship between absorption of fatty acid and 
the appearance of chloride was suspected. In these experiments we found that 
although the concentration of chloride in the rumen increased steadily there 
was no definite relationship between this increase and the loss of fatty acid. 


Tam 11. The increase in chloride concentration 
experiments lasting 3 hr. (m.equiv./100 ml.) 


Exp. no 

Solution 0-10 0 0 0 0-09 004 0-05 
5 min. 0-31 0 0-14 009 O19 O10 0-12 
1 hr. 046 0-24 029 0.34 0.37 086 0-23 
2 hr. 071 085 087 047 046 067 083 
3 hr. 0-99 044 040 062 065 086 0-47 
Total gain (m.equiv.) 20-1 125 121 164 45 226 


The rate at which carbon dioxide enters the rumen was also determined, and 
there is a very close linear relationship between the loss of fatty acid and the 
gain in carbon dioxide; the correlation coefficient between the two is 0-984 
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which is significantly different from zero at the 0-1 % level (see Fig. 3). In two 
experiments, nos. 17 and 18, blood was drawn from the carotid artery anaero- 
bically at the end of 3 hr. and the alkali reserve was determined immediately 
this was done to see whether the blood and solution in the rumen came into 


150 — 


Gain in CO m. mol. 


— 


0 1 1 4 
0 50 100 150 200 
Loss of fatty acid (m.equiv.) 
Fig. 3. Regression lines associating loss of fatty acid and gain in carbon dioxide. The line G@1 
predicts gain for differing rates of loss and the line LLI predicts loss for differing rates 
of gain. 


Tam 12. The increase in concentration of carbon dioxide in solutions 
remaining in the rumen (m.equiv./100 ml.) 


” (a) For 3 hr 
Time in min. after No. of exp 
introduction of 
solution 14 16 17 18 19 20 
0 0-10 0-05 0-09 0-06 0-10 0-11 
5 0-15 0-53 0-17 0-48 — — 
60 0-60 1-56 1-89 1-85 1-39 0-99 
120 0-93 2-30 2-86 3-01 2-25 1-44 
1 1-17 2-88 3-70 3-92 2-52 1:78 
Blood at 180 — — 2-97 2-62 —— a= j 
(6) For 1 hr. 
Time in min. after 
troduction of Exp. 21 Exp. 22 


0 014 O14 O16 O14 O1L O13 
60 1.33 176 166 051 
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equilibrium as regards carbon dioxide tension. The figures for the blood are 


rather high (see Table 12). The mechanism causing this transfer appears to be 
influenced by factors other than the concentrations of carbon dioxide on the 
two sides of the rumen epithelium and further investigation is needed to 
examine this point. This phenomenon is known to occur in the parotid gland 
of the sheep, and is also possible in the kidney, for bicarbonate in saliva and 
urine of sheep exceeds that of the blood. It is fortunate that the two experi- 
ments chosen for this test were those in which the carbon dioxide tension in the 
rumen was greatest. 

The loss of fatty acid anion during 3 hr. is greater than the gain in carbon 
dioxide and of the gain in carbon dioxide and chloride together. For this reason 
there are grounds for supposing that another mechanism exists which is also 
concerned in the maintenance of pH in the region of 7 · 4. We have not sufficient 
data to provide the answer, and further experiments must be undertaken to 
examine these phenomena. 


— 


DISCUSSION 


The results of most of these experiments make it clear that absorption of 
acetate, propionate and butyrate can occur in substantial amounts from the 
rumen, but it is also clear that there are unknown factors influencing the rate 
of absorption, and these may be responsible for the contradictory nature of the 
experiments reported by Gray (1948). : 

The condition of the blood supply to the rumen is the factor most likely to 
be influenced by experiments involving the use of normal sheep with a rumen 
emptied through a permanent fistula, or an anaesthetized sheep in which 
surgical interference to the stomach has been carried out. In two of these 
experiments, nos. 5 and 6, in which a cannula was tied into the rumen as part 
of the experiment, the rate of absorption was low, while in Exp. 6 additional 
disturbance to the animal caused by regurgitation and temporary respiratory 
failure was associated with a very low rate of absorption. In three other 
experiments in which low rates of absorption were found, however, no untoward 
event occurred beyond the usual operative measures. 

The mere fact of opening the abdomen and manipulating the viscera to allow 
a ligature to be placed around the neck of the omasum may be enough to cause 
sufficient shock and circulatory disturbance to prejudice the result of the 
experiment. For this reason reliance upon the results of a few experiments can 
be misleading, and in this series we were misled into supposing that propionate 
was only slowly absorbed, while later experiments showed that this was not so, 

Verzar & McDougall (1936) quote a number of examples to show that the 
circulatory time, in addition to the degree of dilation of the capillaries, may 
influence the rate of absorption from the small intestines. They suggest that 
arterio-venous shunts which can exclude the villi from the circulation are 
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important in determining the rate of absorption. Direct evidence on the effect 
of emotional state on absorption in the dog is given by Dennis & Visscher (1940), 
who studied the absorption of chloride from isotonic saline solutions introduced 
into Thiry-Vella loops in the lower ileum. Absorption was less rapid in animals 
which were in an excited or in a tense, anxious condition than in well-trained 
animals. Anaesthetizing the excited animals with pentobarbitone (Nembutal), 
however, increased the rate of absorption considerably. Excitement causes 
blanching of the colonic mucosa in dogs (Drury, Florey & Florey, 1929), and this 
effect is not prevented by removal of the adrenals. Freedom from excitement 
or fear is an essential condition if the results of experiments on absorption are 
to reflect the normal state. 

The process of emptying the rumen of sheep and washing it clean is likely to 
produce an excited sheep and certainly produces an unphysiological sheep, for 
the rumen never empties under normal conditions. The normal contents of the 
rumen are coarse and fibrous, and removal of such material in itself is likely to 
alter the dimensions of the capillary vessels in the submucosa so that absorption 
from solutions introduced subsequently is likely to be slow. Anaesthetization 
of such an animal can be expected to remove the effect of excitement so that 
as regards one of these factors, the anaesthetized sheep may be closer to the 
normal than the unanaesthetized animal. 

The effect of laparotomy combined with the manipulation of the stomach 
that is necessary to place a ligature around the oral or caudal end of the 
omasum, is bound to induce shock, and for this reason low and variable results 
depending on the degree of shock can be expected. Dennis & Visscher (1940) 
found that absorption from chronic Thiry-Vella loops in dogs was more rapid 
than from acute loops. Neither of the methods used to study absorption from 
the rumen by Gray (1948) or by ourselves are perfect, and failure to find 
absorption is a reflexion of the method used. There seems to be very little 
information in the literature on the relation of blood supply to rate of absorp- 


tion, and a comprehensive study of this question in relation to the rumen is 


desirable. 

The problem of the permeability of the epithelium of the rumen could be 
best studied in isolated preparation dissociated from the influence of blood 
supply, as satisfactory information on the relative rates of disappearance 
of acetate, propionate and butyrate have not been obtained in vivo, for 
the difference between them seems to be too small to be outside experi- 
mental error. In spite of our failure here, these experiments prove that the 
concentrations of the acid radicle in the blood leaving the rumen is not in- 
dicative of the rate of absorption of that radicle from the rumen. Granted the 
possibility of metabolism of each of these radicles in the wall of the rumen, it 
is clear that butyrate is metabolized at a much greater rate than either pro- 
pionate or acetate, while propionate appears to be metabolized at a slightly 
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greater rate than acetate. If this is so then the tendency for acetate to pre- 
ponderate in the blood leaving the rumen and flowing to the liver is under- 
standable (Kiddle es al. 1951). The fact that solutions of propionate and butyrate 
in the rumen produce little or no increase in the volatile acidity of the arterial 
blood supports the contention that absorption via the lymphatic system is 
unlikely, although we have to admit that in one experiment butyrate did cause 
a significant increase. 

The list of substances known to be absorbed from the rumen in addition to 
the fatty acids and their salts includes sodium (Danielli et al. 1945), ammonia 
(MacDonald, 1948), and substances such as pilocarpine and atropine (Traut- 
mann, 1933), sodium ortho-iodo hippurate (Barcroft et al. 1944), and hydro- 
cyanic acid (Coop & Blakley, 1949). The passage of chloride and bicarbonate 
from the blood to the rumen that occurred in these experiments demonstrates 
the possibility of a two-way passage across the epithelium of the rumen, so 
that there is reason to suppose not only that any material in solution in the 
rumen can pass to the blood but that soluble constituents of the blood may 
pass to the rumen. Clearly much work is necessary to study these possibilities, 
for physical factors such as ionic concentrations, rates of diffusion, dissociation - 
constants of bases in combination with organic constituents, and colloidal 
osmotic effects are likely to influence the passage of molecules * the 
epithelium of the rumen. 


SUMMARY 


1. Acetate, propionate and butyrate are absorbed in substantial amounts 
from the rumen of anaesthetized sheep. 

2. The concentration of individual acids appearing in the blood leaving the 
rumen is not proportional to rates at which they leave the rumen. When 
equimolar solutions are present the concentration in the blood leaving the 
rumen is in this order: acetate > propionate > butyrate. 

3. The rate of absorption of acetate from the rumen is related to the con- 
centration appearing in the arterial blood. Absorption of propionate produces 
little or no change in arterial blood, while in most instances this is true for 
butyrate. 

4. The reaction of alkaline solutions, when introduced into the empty rumen, 
rapidly moves towards neutrality. The final pH is close to that of blood. 

5. Chloride and carbon dioxide both appear in the rumen when aqueous 
solutions of the sodium salts of short chain fatty acids are placed in that organ. 
The quantity of carbon dioxide appearing in the rumen is related to, but is less 
than, the quantity of fatty acid absorbed. 

6. The rates of absorption of acetate, propionate and butyrate in the 
anaesthetized sheep are influenced by physiological factors that have yet to be 
appreciated. 
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Absorption of acetic, propionic and butyric acids is known to occur from the 
rumen of sheep but some confusion concerning relative rates of absorption of 
these acids has arisen, for although it is agreed that free acids are absorbed 
more rapidly than their sodium salts when aqueous solutions are in the ramen 
(Danielli, Hitchcock, Marshall & Phillipson, 1945; Gray, 1947) it has been 
claimed recently that no absorption at all occurs from the rumen when the 


pH is over 7 (Gray, 1948). 


Under normal feeding conditions the pH of the contents of the rumen rarely 
falls below 5:5; for this reason the quantity of free acid present is small com- 
pared to the quantity of anion. Absorption, therefore, is likely to be insignificant 
if the membrane lining the rumen is permeable only to free acid. Further 
investigations, which are reported in this paper, were undertaken to compare 
the mixture of acids present in the rumen with the mixture present in the 
blood leaving the rumen, for this should show whether the mixture of acids 
present in the rumen is indicative of the mixture passing to the liver from this 
organ. 

The majority of these comparisons were made while two of us (R. A. M. and 
A. T. P.) were working in the Unit of Animal Physiology, Cambridge, whilst 
confirmation of these results using a different method of analysis was obtained 
at the Rowett Research Institute. 


METHODS 


Experimental, Normal ewes were taken straight from pasture to the laboratory. They were 
anaesthetized by intravenous injection of nembutal, the abdomen was opened on the right side 
and the posterior vein of the ramen was located as previously described (Barcroft, McAnally & 
Phillipson, 1944). In addition, the right carotid artery in the neck was exposed. The experimental 
procedure was usually as follows. 

After exposing the posterior vein of the rumen 5 ml. of blood were withdrawn from the carotid 
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artery; next, 5 ml. of blood were withdrawn from the posterior ramen vein preceded in some experi- 
ments by a similar sample from the anterior vessel. Next, a large sample of blood was drawn from 
the posterior vessel and; in two experiments, from the anterior vessel. Finally, a further sample of 
5 ml. was withdrawn from the carotid artery. 

A sample of rumen contents was obtained by inserting a glass tube through a small stab-wound 
after the blood sampling was completed. The glass tube was thrust well into the contents and 
a thumb was placed over the end of the tube so that on withdrawal the liquor was retained in 
the tube and could be run directly under liquid paraffin. This procedure was adopted to reduce 
loss of CO, before the determination of pH. A large sample for volatile acid determination was 
then withdrawn by suction. 

Samples of lymph were obtained from the thoracic duct in two experiments by opening the chest. 
In the last three experiments the junction of the duct with the left jugular vein was exposed so 
that lymph was obtained without opening the thorax. Attempts to measure the lymph flow were 
unsuccessful. 

Chemical, Total volatile acid in the blood was determined by a modification (Phillipson, 1947) 
of the method of McClendon (1944) which differs from the original in that protein is precipitated 
by metaphosphoric acid (Elsden, 1946), and that different fractions of distillate are collected and 
titrated. The method is time-consuming and requires constant attention, in particular to the 
temperature of the glycerol-water bath, which should not be allowed to exceed 105° C. if consistent 
results are to be obtained. Lymph was treated in an identical manner to blood. With this method 
the following accuracy was obtained: (a) From solutions of sodium acetate containing 30 mg. 
acetic acid/100 ml. recoveries of 28-5—30-9 mg. were obtained, 95-103 % of theory. (ö) With weaker 
solutions containing from 2-4 to 9-6 mg. acetic acid/100 ml. recoveries deviating by +1 mg. from 
theory were obtained. (c) Ten separate estimations from a single sample of blood gave results 
ranging from 3-2 to 5-9 mg./100 ml., the average being 4-8 mg. (d) Ten further estimations of the 
same blood to which had been added 3-6 mg./100 ml. acetic acid gave a range of 7-1—10-2 mg. / 
100 ml., the average value being 8-0 mg. 

In an exactly similar test to that described in (c) and (d) seven estimations of a single sample of 
blood gave a range of 6-7—9-4, with an average of 7-7, while the same blood with 56-6 mg. acetic 
acid/100 ml. added gave a variation of 61-2-69-0 with an average of 64-2 mg./100 ml. Percentage 
recoveries of 78 mg. propionate and 91 mg. butyrate added to blood were 94 and 95 respectively. 
A ‘t’ test was carried out to investigate the two estimates of volatile acid in blood by methods (c) 
and (d). The value of ‘t’ obtained was 0-35 based on 18 degrees of freedom so that the difference 
between the means for the two methods did not differ significantly from 3-6 mg./100 ml. Either 
set of analyses has a standard deviation of +1 mg. acetic acid, i.e. +0-17 m.equiv./l. These 
results are sufficiently accurate to warrant the use of the method, for the concentration of volatile 
acid in rumen blood is 5-10 times that of carotid blood. In practice all estimations are based on 
the average of two or more aliquots from one sample. 

The acids present in large samples of blood from the rumen vessels were distilled from the meta- 
phosphoric filtrate in the apparatus described by Friedmann (1938). The distillates were neutralized, 
concentrated and submitted to the second Friedmann procedure to remove any lactic acid present. 
From this stage onwards the method of extraction of the purified acids was identical to that 
described by Elsden (1946). In later experiments the method described by Reid (1948) was used 
to concentrate the neutralized metaphosphoric acid filtrate at low pressure in order to reduce the 
number of distillations required for the first procedure., The disadvantage of Elsden’s method of 
partitioning short chain fatty acids is that acetic acid is determined by difference; on account of 
this, buffered columns as described by Moyle, Baldwin & Scarisbrick (1948) were used in the last 
three experiments, for, by increasing the percentage of butanol, acetic acid can be recovered 
quantitatively from a column containing no indicator, and can be titrated directly. Rumen 
contents were treated in the usual manner (Elsden, 1945) and in each experiment the acids were 
partitioned by the same method as that employed for acids separated from blood. Analyses of 
known solutions of acetic, propionic and butyric acids by buffered columns, after practice, gave 
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the variations in a series of fifteen estimations shown in Table 1. A mixture of acids added to 
blood gave recoveries within these limits after allowance has been made for acetic acid already 
present. Results of analyses of known solutions by Elsden’s columns were also within these limits. 


Tau 1. The results obtained by the analysis of known solutions by buffered columns 


— 
oom 0. of Range of Range of 
Solution mixture (% estimations recoveries (0%) mixture (%) 
Butyric 20-3 4 100-116 18-1-21-1 

I E 25-0 91-103 25-0-28-3 
Acetic 54-7 91-104 50-8-57-0 
Butyric 4-4 7 82-136 3-6- 

2 4 Propionic 16-3 106-123 17-3-20-1 
Acetic 79-3 93— 98 73-8-78-0 
Butyric 23-9 77. 89 18-4-21-2 

3 {Propionic 27-2 97-107 26-5-29-3 
Acetic 48-8 101-105 49-5-51-4 
Butyric 8-3 61-108 5-1— 9-0 

4 {Propionic 23-7 103-116 24-6-27-7 
Acetic 67-9 97-102 65-8-69-4 
Butyric 4-2 95— 97 40 41 

5 {Propionic 22-6 93— 99 21-0-22-5 
Acetic 73-2 100-102 74-9-73-4 


The pH of the rumen contents kept under liquid paraffin was determined by the use of a glass 
electrode. 


RESULTS 
The concentration of volatile acid in blood leaving the rumen 
The concentration of volatile acid in peripheral blood influences the results, as 
it forms the basis for a correction applied to the blood leaving the rumen. In 
most experiments two carotid samples were drawn, one before and one after 
obtaining a large sample from the vessel draining the rumen. A comparison of 
the two samples of carotid blood are given in Table 2 together with the interval 
of time between the two samples. It can be seen that with one exception the 


TRR 2. Concentration of volatile acid in arterial blood (m.equiv./1.) 


Carotid blood Time in minutes 
— A between each 
Exp. no. Sample 1 Sample 2 sample 
2 1-4 13 25 
3 — 0-6 2 
4 0-5 0-6 35 
5 0-5 0-7 20 
6 0-8 0-9 40 
7 0-7 0-7 70 
8 0-9 1-1 55 
9 1-1 1-1 75 
10 0-6 1-0 50 
13 
14 
15 0˙4 0-5 24 
16 1-0 1-2 25 
17 — 0-7 72 


Peripheral samples of blood were not taken in Exps. 1, 11, and 12. 
PH. 14 
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value increases slightly although in only a few instances is the difference outside 
the error inherent in the method of analysis. In calculating the correction 
applied to. the blood draining the rumen the average of the two values has been 
taken. Even so, the difference found by using the lesser or the greater value is 
insignificant so that the results are not materially affected by the slight change 
that occurs during the course of an experiment. 

A similar procedure was used to compare the concentration of volatile acid 
in the anterior and posterior veins of the rumen. In a previous publication 
(Barcroft et al. 1944) it was found that the blood in the anterior vessel contained 
more volatile acid than blood in the posterior vessel. In these experiments on 
a number of occasions blood from the anterior vessel was drawn before blood 
from the posterior vessel, and it can be seen from Table 3 that a greater con- 


Tax 3. Concentration of volatile acid in blood leaving the rumen (m. equiv. “l.) 
Anterior Posterior An 


3 
| 


8 
8 
S1 1111218 


No samples obtained for nos. 1 and 13. 


_centration in the anterior vessel is not a constant feature. Three columns are 
shown in this table and, reading from left to right, they represent the order in 
which the samples were taken. In Exps. 8 and 10 a second sample of blood 
from the anterior vessel was drawn before the end of the experiment and in 
each the value has risen appreciably, although the first sample contained more 
volatile acid than the sample taken from the posterior vessel. It is possible 
that the manipulation of the rumen wall that is necessary in order to expose the 
anterior vein may reduce the circulation time which would cause the concentra- 
tion of volatile acid to increase and so influence these results. In the experi- 
ments previously referred to, blood from the anterior vessel was always obtained 
after blood from the posterior vessel. In seven experiments two or more 


samples were taken from the large sample as it was being drawn and the 


concentration of volatile acid was determined. There was a tendency for con- 
centration to increase, but the increase was slight in six of the seven tests and 
did not exceed 0-5 m.equiv./l. In one experiment, however, an increase of 
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1-2 m.equiv./l. occurred. The practice of withdrawing large blood samples, 
therefore, does not produce blood that changes excessively as regards volatile 
acid concentration. | 

In three experiments, nos. 8, 9 and 10, samples of rumen contents were 
drawn at the beginning and at the end of the experiment and the concentration 
of fatty acid was estimated in both in order to see whether there was any 
appreciable increase during the experiment. In two of the experiments, nos. 8 
and 10, an increase of 9-6 and 6-0 m. equiv. /I. occurred, but in Exp. 9 no change 
was found although there was a slight increase in concentration between blood 
from the anterior and posterior samples. 


The proportions of acids present in the rumen contents and blood 


The proportions of the acids present in the rumen contents and in the blood 
drawn from the posterior vein of the rumen are given in Table 4. These results 


TARA 4. The composition of the mixture of volatile acids in rumen liquor and in 
the blood leaving the rumen expressed as a percentage of the total 


Rumen liquor Blood 
— + A PH of rumen 
Exp. no. Butyric Propionic Acetic Butyric Propionic Acetic li 

1 20 24 56 4 17 79 — 

2 5 4 91 3 95 — 

3 18 23 59 7 15 78 5-60 

4 14 16 70 7 14 79 6-70 

5 16 29 55 7 19 74 5-52 

6 21 21 58 16 18 66* 5-57 

7 14 17 69 6 11 83 — 

8 15 12 73 $ 10 81 5-92 

9 8 16 76 14 82 6-36 
10 15 20 65 8 19 73 — 
11 16 24 60 10 33 57 — 
12 12 19 68 4 24 72 — 
13 11 21 68 4 13 s+ 6-36 
14 17 20 63 4 11 85 6-37 


* The blood in Exp. 6 was obtained from the anterior vein of the rumen. 


were obtained by Elsden’s method and the butyric fraction in each includes 
any fatty acids containing four or more carbon atoms. All animals with the 
exception of no. 2 were pasture fed until the day of the experiment. Sheep 
no. 2, however, was fed on a dry ration indoors and over 90% of the acid 
present was acetic acid. No significance can be attributed to this for not only 
is this the result from one animal only but, of the many analyses of rumen 
contents (Elsden, 1945; Elsden, Hitchcock, Marshall & Phillipson, 1946; 
McClymont, 1949), this result is unique. A greater proportion of acetate is 
present in the blood leaving the rumen than in the contents themselves in all 
animals except no. 11, and there is a corresponding decrease in the proportions 
of propionate and butyrate except with no. 12, where propionate is greater in 
the blood. This could be interpreted as meaning that the acids are absorbed at 


a rate inversely proportional to their size as was suggested earlier tesa et al. 
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1944). In spite of the fact that the pH of the rumen contents, in all animals 
in which it was determined, was slightly acid, there is no evidence to suggest 
preferential absorption of propionic or butyric acids, except with sheep 11 
and 12. Allowance, however, must be made for the amount of short chain 
fatty acids circulating in the peripheral blood, for this may be appreciable. 
For this reason, wherever sufficient data are available, the results have been 
recalculated on the assumption that acetic acid is the only short chain fatty 
acid in peripheral blood. This assumption is justified as both Reid (1948) and 
_ MecClymont (1949) found in sheep and cattle that 90% or more of the volatile 
acid in arterial blood was acetic. The concentration of total volatile acid in the 
carotid blood has been deducted from the concentration of acetic acid in ramen 
blood and the percentage composition of the residual acids has been recal- 
culated as this gives a more accurate picture of the acids actually absorbed 
from the rumen. The revised figures are given in Table 5, and although the 


Tana 5. The relation of the mixture of acids in the rumen and in the blood given 
in Table 4 after correction for acetic acid present in arterial blood 


Rumen liquor Blood 
A . A PH of rumen 
Exp. no, Butyric Propionic Acetic Butyrio Propionic Acetic liquor 
2 5 4 91 4 2 94 — 
3 18 23 59 8 18 74 5-60 
4 14 16 70 8 16 75 6-70 
5 16 29 55 9 25 66 5-52 
6 21 21 58 20 23 57 5-57 
7 14 17 69 7 13 80 — 
8 15 12 73 10 12 78 5-92 
9 8 16 76 5 17 78 6-36 
10 15 20 65 10 23 67 — 
14 17 20 63 6 15 79 6-37 


difference between the two mixtures has been reduced, in only three sheep, 
nos. 6, 9 and 10, is the amount of propionic acid in the blood leaving the rumen 
greater than it is in the rumen contents. Unfortunately, no estimation of the 
concentration of total volatile acid in peripheral blood was made with sheep 11 
and 12, and so no readjustment is possible, Even so, it is obvious that with 
both the proportion of propionic acid in the blood must be even greater than 
shown in Table 4 and that acetic acid is correspondingly reduced. With sheep 13 
a small sample was not taken from the rumen vein so that again with the sheep 
the adjustment is not possible. One constant feature in Table 5 is that the 
percentage of the total formed by butyric acid is less in the blood than in the 
contents. 

Three similar experiments in which buffered columns were employed are 
given in Table 6. Four columns of figures are given for both the rumen contents 
and the blood. Elsden (1945) found evidence of an acid higher than butyric in 
the rumen contents of cows and sheep. Recently, at the Rowett Research 
Institute, Shazly (1949) made a detailed study of the occurrence of butyric acid 
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isomers and higher homologues in rumen contents of sheep, and as we do not 
wish to anticipate Shazly’s work in any way, the values obtained with buffered 
columns for higher acids are referred to only as they affect the results of these 
investigations. The results are similar to those obtained by Elsden’s method but 
one further point of interest emerges, namely, that butyric isomers, but not 
their higher homologues, appear in lower proportion in the blood leaving the 
rumen than in the contents. The results corrected for acetic acid present in 
peripheral blood are given in Table 7, and the correction does not make a large 
difference to the figures. The low proportion of butyric acid in blood is a constant 
feature in all samples, and the concentration is less than half that present in the 
rumen. 


Tant 6. The percentage composition of rumen and blood acids as partitioned by 


buffered columns 
Rumen contents Rumen blood 
if 2 pH 
— Higher Higher Pro- rumen 
acids Butyric — Acetic acids Butyric pionic Acetic contents 
25 4˙5 154 167 632 48 52 134 766 6-28 
16 43 13-6 18-8 63-2 4-5 4-6 14-3 76-7 6-02 


17 6-6 13-1 174 628 44 43 124 78-9 post.* 6-78 
5-8 56 184 70-2 ant.“ 


* Post. and ant. signify blood from the posterior and anterior veins of the rumen. 


TaxIx 7. The relation of the mixture of acids in the rumen and in the blood given in 
Table 6 after correction for acetic acid present in arterial blood 


Rumen contents Rumen blood a 
4 * . A * P 
Exp. Higher Pro- Higher Pro- rumen 
no. acids Butyric pionic Acetic acids Butyric pionic Acetic contents 
15 465 15-4 16-7 632 63 70 17.7 = 69-0 6-28 
16 43 13-6 188 632 67 69 212 660 6-02 


17 6-6 13-1 174 628 55 5-4 15-4 73-8 post.“ 6-78 
6-5 63 21-1 66-1 ant.* 


* Post. and ant. signify blood from the posterior and anterior veins of the rumen, 


In order to see whether there is any consistent relationship between the 
proportions of the individual acids in the rumen and in the blood the ratio of 
‘higher acids’, butyric and propionic acids to acetic acid in the contents and in 
the blood have been calculated, after correcting each for the known peripheral 
content of acetic acid, and the results are given in Tables 8 and 9. Only in 
Exps. 6, 9, 10, 16 and 17, is the ratio of propionic to acetic greater in the blood 
than it is in the contents. With butyric acid, when this includes higher acids, 
there is always less in blood in proportion to acetic than in the contents, while 
with the higher acids there is more in the blood in Exps. 15 and 16, and less 
in 17, 
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Tasxz 8. Ratio of propionic and butyric acids to acetic acid in the rumen and in blood 
leaving the rumen after correction for acetic acid in arterial blood 


(See Table 5) 
Propionic/acetic Butyrio/acetic 
Exp. no Rumen Blood Rumen Blood 
3 0-39 0-24 0-30 0-11 
4 0-23 0-21 0-20 0-11 
5 0-53 0-38 0-24 0-14 
6 0-36 0-40 0-36 0-29 
7 0-25 0-16 0-20 0-09 
8 0-16 0-15 0-21 0-13 
9 0-21 0-22 011 0-06 
10 0-31 0-34 0-23 0-15 
14 0-82 0-19 0-27 0-07 


Tax 9. The ratios of propionic, butyric and higher acids to acetio acid in the ramen 
and in blood leaving the rumen after correction for acetic acid in arterial blood 


(See Table 7) 
Propionic/acetic Butyric/acetic Higher/acetic 
no. Rumen Blood Rumen Blood Rumen Blood 
15 0-26 0-26 0-24 0-10 0-07 0-09 
16 0-30 0-33 0-21 0-11 0-07 0-10 
17 0-28 0-21 post.* 0-21 0-07 post.* 0-16 0-07 post.* 
0-32 ant.* 0-10 ant.* 0-10 ant.* 


* Post. and ant. signify blood from the posterior and anterior veins of the rumen. 


Volatile acid in lymph obtained from the thoracic duct 

Gray (1947) suggested that short-chain fatty acids might be carried by the 
lymph stream from the rumen. If this is so then analysis of the blood will not 
give an accurate picture of the relative rates of absorption. In order to see 
whether this is so, samples of lymph were obtained by the methods described 
earlier in this paper. In only one of the samples—in Exp. 16—was the concentra- 
tion found to exceed that of peripheral blood and then the excess was insigni- 
ficant. In Table 10 the second and higher value for arterial blood is given for 
samples of lymph which were always taken after the blood samples from the 
rumen were drawn, so that the second figure is the more representative one 
for comparison. 


TaBLE 10. Volatile acid in lymph from the thoracic duct and in arterial blood 
expressed as mg. acetic acid per 100 ml. 


Exp. no. Lymph Arterial blood 
11 2˙7 
15 2˙1 2˙9 
16 9-1 73 
17 1-7 43 


Considering the concentrations present and the fact that lymph flow is small 
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compared to blood flow, lymph as a route of a ion of short-chain fatty 
acids can be ignored. | 
DISCUSSION 

The constant difference between the ratio butyric/acetic in the contents and 
the blood is extremely interesting, for Danielli et al. (1945) found that free 
butyric acid disappeared from the rumen more rapidly than acetic acid, while 
Masson & Phillipson (1951) have shown that the concentration of butyrate in 
the blood leaving the rumen is less than that of acetate or propionate when 
equimolar solutions of these salts are present in the rumen. The low volatile 
acid content of lymph does not suggest that butyrate enters the lymph stream 
in any quantity and the most probable explanation is that part of the butyrate 
absorbed is directly metabolized by the wall of the rumen. Further work is 
needed before this can be settled finally, but if we admit the probability of 
metabolism of butyrate in the wall of the rumen we cannot exclude the possi- 
bility of metabolism of propionate and acetate. If this does occur, however, 
it would appear to be to a less extent as the ratio of propionate/acetate in the 
rumen contents and in the blood is much the same more often than not, in con- 
trast to the ratio butyrate/acetate. There can be no doubt, however, that acetic 
acid forms the largest part of the mixture of acids passing to the liver from the 
rumen in grass-fed sheep, and it is probable that the preponderance of acetic 
acid in the rumen is due to its greater production rather than to preferential 


absorption of the remaining acids. 


It is interesting to evaluate the relative importance of these acids in the 
nutrition of the sheep at pasture in terms of calories. To gain some light on this 
question the results given in Tables 4, 5, 6 and 7 have been treated in the 
following manner. The percentage of acids in the blood draining the rumen have 
been converted into mg. of the acid in question. Brody (1945) gives the calorific 
equivalent for acetic, propionic and butyric acids to be 3-49, 4-96 and 
5-95 kg.cal./g. respectively. Using these factors the proportional weight of each 
acid in mg. has been converted to small calories, and the calories represented by 
each acid have been expressed as a percentage of the total. With the data pro- 
vided by Tables 4 and 5, maximum and minimum values, as well as the average 
figures, are given. With the data given in Tables 6 and 7 the results are so similar 
that only average figures are presented. The ‘higher acids’ of Tables 6 and 7 are 
considered to be butyric acid for the purpose of this calculation, and for this 
reason the figures for butyric acid are less than they should be, for acids higher 
than butyric have a longer hydrocarbon chain and consequently a higher 
calorific equivalent. 

Similar calculations have been made for the acids present in rumen contents, 
and with both rumen contents and the blood the values found in Exp. 2 have 
been omitted from the calculation as they are atypical. The results are given 
in Table 11. The maximum and minimum figures show the greatest and least 
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value for each acid and as these figures are from different sets of analyses 
neither series add to 100. The average figures for propionic lie midway between 
the two extremes while those for acetic and butyric are nearer the maximum 


and minimum figure respectively. 


Tam 11. The number of calories (g.cal.) in the form of acetic, propionic and butyric acids in the 
blood leaving the rumen and in the rumen contents expressed as percentage of the total 
calories carried in the form of these acids 


Blood Contents 
Acetic Propionic Butyric Acetic Propionic Butyric 
Table 4 Max. 74 41 29 
Min 41 14 9 
. Max. 61 35 36 
Average — — 14\ Min. 38 20 16 
Min. 37 19 10 5 
Average 58 25 18 
Table 6 Average 60 21 19 44 22 34 
Table 7 Average 52 25 24 


The average figures from Tables 4 and 5 include all values except those of Exp. 2. 


It is clear that acetic acid represents the greatest source of calories. It is 


also interesting that the proportion of calories represented by propionic acid 
is nearly the same in both the rumen contents and in the blood while there is 
a decrease in calories in the blood represented by butyric acid in spite of its 
higher calorific equivalent. The corresponding increase in the other components 
of the mixture is represented almost entirely by acetic acid. From a quanti- 
tative point of view, therefore, the importance of acetic acid as a product of 
digestion passing to the liver is unquestionable although knowledge of its role 
in the metabolism of the sheep is still fragmentary. The calories represented by 
propionic and butyric acids are also appreciable and may on occasions be of the 
same order as those for acetic; this, however, occurred in only two animals and 
the average figures show the calories represented by acetic to be usually sub- 
stantially greater than those represented by each of the higher acids. The 
suggestion that butyric acid is metabolized in the wall of the ramen may mean 
that this acid has more importance than has hitherto been attached to it and 
its possible significance as a source of energy to the stomach wall cannot be 
overlooked. Further work on this point is needed. 


SUMMARY 


1. The mixture of acetic, propionic and butyric acids present in the blood 
leaving the rumen contains proportionately more acetic and less butyric than 
the mixture present in the rumen. 

2. The mixture of acids calculated to enter the blood as it flows through the 
rumen by correcting for acetic acid present in arterial blood, is similar to that 
present in the rumen except that it still contains less butyric and consequently 
more of the other components of the mixture. 
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3. The volatile acid content of lymph drawn from the thoracic duct is not 
{greater than that of arterial blood. : 

4. Acetic acid is usually the principal source of energy which passes from 
the rumen to the liver of grass-fed sheep in the form of short-chain fatty acid, 
but the energy represented by propionic and butyric acids in a few instances 
has been nearly equal to those represented by acetic acid. 


ö The authors wish to express their thanks to Mr A. W. Boyne of the Rowett Research Institute's 
statistical section for analyses of the work given in this paper. In addition they wish to thank 
Miss J. F. New of the Unit of Animal Physiology, Cambridge, and the technical staff of the 
Physiology Department at the Rowett Research Institute for assistance during the course of these 
experiments. 
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Although the acid hydrolysis method described by Barsoum & Gaddum (1935) 
and later modified by Code (1937) has been used by many workers for the 
extraction of histamine from tissues including blood, there have been a number 
of objections to it. Chief of these is that because of the relatively drastic 
treatment necessary to destroy other active substances such as adenylic acid 
present in the tissues, some of the histamine estimated to be present in the 
final extract may have been formed or released as a result of the acid hydrolysis. 
As expressed by Dale (1948) it is doubtful whether ‘the histamine found in 
the product (of acid hydrolysis) will be only that which was preformed in the 
original blood or other material’. In particular, it is possible that histamine 
might result from acid hydrolysis of amino-acids and other ‘incoagulable 
protein fractions’ (Dale), including histidine and carnosine. Rocha e Silva 
(1944) has found that histamine can be quantitatively recovered by extraction 
according to Code’s method of pharmacologically inactive preparations con- 
taining combined histamine. 

Earlier evidence on the hydrolytic formation of histamine had been reassuring. 
Abel & Kubota (1919) had detected no histamine formation when L-histidine 
hydrochloride was boiled for 2 hr. with concentrated hydrochloric acid. But 
the chemical methods then available for estimating histamine were not very 
sensitive and it is possible that small quantities of histamine were in fact 
formed but could not be detected. However, the acid hydrolysis mixture did 
not include trichloroacetic acid. In 1933, Gavin, McHenry & Wilson found that 
no histamine was formed from egg albumin, casein or t-histidine HCl when 
preparations of the substances were heated at 95° C., for 60 min. with concen- 
trated HCl. Again, no trichloroacetic acid was present. 

In 1941, Akerblom published results showing that histidine can be readily 
decarboxylated to histamine by the reagents used in Code’s extraction process. 
He examined biologically the histamine content of extracts of aqueous solutions 
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of histidine and of horse blood to which known amounts of histidine were 
added. He concluded that probably because of the trichloroacetic acid present, 
decarboxylation of histidine to histamine can occur ‘strikingly easily’ and 
from 10 mg. histidine in 10 ml. water extracted according to Code’s method, 
Akerblom reported the formation of at least 10 yg. histamine. Furthermore, 
the amount of histamine extracted from 10 ml. of histamine-free horse blood 
to which 10 mg. histidine had been added was greater than that obtained from 
10 mg. histidine in water. Emmelin, Kahlson & Wicksell (1941), on the other 
hand, could find no histamine in extracts prepared by Code’s method from 


aqueous solutions containing 1-10 mg. histidine/10 ml. 


The problem seemed worth investigating further and this account records 
some observations on the occurrence of histamine in extracts of solutions of 
histidine in water and when added to various tissues. While these experiments 
were being made, Schmiterlöw (1949) was confirming and extending the results 


found by Akerblom (1941). : 


METHODS 


Extraction procedure. This has been as far as possible that given by Code (1937). He made no 
definite statement about the nature of the heated bath on which the acid hydrolysis was performed. 
Some workers originally used a sand-bath for this purpose, but it has probably been generally 
replaced by the water-bath. This point may be important, since it is possible that the ‘ bumping’ and 
splashing which might occur when the extraction flasks were heated on a sand - bath could lead to 


small amounts of solution drying off on the side of the flask and being exposed to a temperature in 


excess of that of the boiling solution. Charring might even occur and at a sufficiently high tempera- 
ture breakdown of histidine is more probable. However, Code and others were careful to note that 
water was added to the mixture to prevent desiccation. This is very unlikely to occur if a water- 
bath is used to heat the flasks, and this has been used in most of the experiments reported here. 

To 10 ml. of a solution of histidine, 15 ml. of 10 % (w/v) trichloroacetic acid was added as described 
by Code for blood or plasma. Since filtration was unnecessary, after standing the mixture for 
30 min. a further 20 ml. of trichloroacetic acid solution was added in place of the usual four 
washings of the filtrate. 

When tissue extracts were used these were prepared in accordance with Code’s directions, 
trichloroacetic acid being added and the tissue ground up in this with sand, in a mortar. After 
standing, the clear fluid was obtained by filtration with mild suction and the filter washed with 
trichloroacetic acid. 

10 ml. of concentrated hydrochloric acid was then added to the extract or histidine-trichloro- 
acetic acid mixture in a flask and the flasks heated under a reflux air condenser on a boiling 
water-bath for 90 min. Acid was removed by distillation under reduced pressure on a water-bath 
at 70-80°. 10 ml. of re-distilled ethyl alcohol was then added and distilled off, this being done four 
times in all to obtain a dry or nearly dry residue, which was taken up, as described by Code, in 
distilled water, neutralized to pH 7 (thymol blue) with 0-2 x· NaOH and made up to a convenient 


volume, usually 10 ml. 


In a few experiments, some modifications were made in the usual extraction procedure to 
determine whether these affected the results obtained. Thus, for concentrated hydrochloric acid, 
normal acid was substituted in the hydrolysis, traces of.metallic ions were added and in some 
experiments either the HCI or the trichloroacetic acid was omitted or the quantities of each varied. 
The effect of the presence of varying amounts of protein and of other tissue constituents on 
histidine decarboxylation, was studied by addition of reconstituted dried human plasma, tissue 
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extracts, blood or serum, before extraction of the histamine. Three samples of t-histidine HCl from 
three different sources were used as well as a sample of racemic histidine. 

A few experiments were done to determine whether removal of the excess trichloroacetic acid 
from the extracts before hydrolysis affected the amount of histamine found in samples of human 
blood and serum. 

Assays were done on duplicate samples of human blood and serum treated with trichloroacetic 
acid in the usual way. From one of each pair of samples excess trichloroacetic acid was removed 
before hydrolysis by shaking with trioctylamine, a procedure which Hughes & Williamson (1951) 
have shown to be effective in removing practically all the acid. 6 0 
extracts were then performed in the usual way. 

A blank extraction of 10 ml. distilled water was always included with each series of experiments. 

Recovery of histamine from aqueous solution. Assays were also made of extracts obtained by 
treating aqueous solutions of histamine, to ensure that recovery was quantitative when the 
extraction procedure was applied to aqueous solutions instead of tissues. 

Assay of histamine in extracts. The assays of the histamine activity of the extracts were made in 
the usual way on isolated strips of guinea-pig terminal ileum suspended in oxygenated Tyrode's 
solution at 37° C., to which atropine was sometimes added to give a concentration of 0-5 x 10~* or 
10. As this reduced the sensitivity of the preparation considerably it was only done when 
spontaneous contractions of the ileum made assay difficult. The bath had a capacity of about 2 ml. 
and the intestine usually responded, in the absence of atropine, to the addition of 0-2 ml. or less of 
a solution of histamine, 0-5 x 10-’. At this level of sensitivity one could detect the presence of 
0-02 fg. histamine (base) / ml. Sometimes the sensitivity of the preparation was sufficiently high to 
allow estimations of 0-01 yg./ml. The activity of the test solution has been matched against that of 
standard histamine solutions, test and unknown solutions being added to the bath alternately 
(Gaddum, 1936). We have used histamine acid phosphate in these experiments. All the quantitative 
references to histamine in this paper are to the base, using the conventional approximation which 
considers histamine acid phosphate to contain one-third of its weight of histamine base. This means 
that the figures for estimated ‘histamine’ are 8-5 % less than the absolute value in terms of the base. 
Additional evidence that the active principle of the extracts was histamine was obtained by noting 
as suggested by Reuse (1948) that a specific antihistamine such as mepyramine (‘neoantergan’) in 
suitable amounts, inhibited equally the response to equi-effective doses of histamine standard and 
of the extract. The ileum used was usually fresh but it was confirmed that intestine which had been 
stored in the refrigerator for up to 3 days, and occasionally up to 5 days, could often be used for the 
assay after suspension in oxygenated Tyrode’s solution for 1-2 hr. 

Histidine determination. Histidine was determined microbiologically by a modification of the 
method of Barton- Wright (1946). The response of the Leuconostoc mesenteroides P 60 was measured 
by turbidimetric estimation of growth after incubation for 18 hr. The responses in the presence of 
test samples containing unknown amounts of histidine were compared with those obtained in the 
presence of known amounts of histidine. The detailed procedure is described by Hughes & Williamson 
(1951). 


| RESULTS 

Histamine content of stock histidine. Repeated tests were made to confirm 
that the histidine samples used in these experiments did not contain histamine. 
Solutions of 0-1% (w/v) t-histidine hydrochloride were found to have no 
stimulant effect on the isolated ileum. Histidine is known to inhibit the action 
of histamine and it is possible that if histamine were present in the stock 
histidine its effect might not be apparent owing to this antihistamine action of 
_ histidine. However, in a concentration of 0-1% (w/v) (the highest used here) 
the antihistamine effect of histidine is negligible. Previous workers have 
described such an effect with 0-5 M. histidine (approx. 10% (w/v) solution) 
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(Halpern, 1939; Rocha e Silva, 19440; MacKay, 1938; Edlbacher, Jucker & 
Baur, 1937). 

In the figure are seen the contractions produced by small quantities of 
histamine made up either in Tyrode’s solution alone or in Tyrode’s solution 
containing 0-1 %, L-histidine hydrochloride. The presence of this concentration 
of histidine does not interfere with the effect of this small concentration of 
histamine. This is also likely to obtain when higher concentrations of histamine 
are present. 


Fig. 1. The effect of 0-5 x 107 histamine is not inhibited in the presence of 0 1% histidine HCl. 
Contractions of guinea-pig ileum due to 0-4 ml. of solution containing (A) histamine only, 
(B) histamine and histidine. 


Recovery of histamine from aqueous solutions. When solutions containing 10 yg. 
of histamine in 10 ml. of distilled water were extracted, recovery of histamine 
was practically complete. Twelve such extracts were examined and found to 
contain 10-0, 9-4, 10-2, 10-1, 9-5, 9-2, 9-7, 10-0, 10-0, 9-2, 8-0 and 97 yg. 
histamine in 10 ml. (Mean 4 8. E., 9-6+0-15 ug.) This confirms results which 
Code (1937) obtained under the same conditions. 

Formation of histamine by hydrolysis of histidine solutions. Several solutions 
of histidine were used, containing from 0-1 to 10 mg. L-histidine hydrochloride 
in 10 ml. of distilled water. : 

From the figures given in Table 1a it is clear that significant quantities of 


histamine were formed during the extraction, according to Code’s method, of 


aqueous solutions containing 5-10 mg. Lhistidine hydrochloride. At the lower 
concentrations, there was rarely any detectable quantity of histamine in the 
extract. As can be seen, there is a considerable variation in the amount of 
histamine extracted in different experiments from samples of histidine solution 
treated exactly similarly. No satisfactory explanation can be given for this. 
Histamine was formed whether the hydrolysis took place on a sand-bath or 
water-bath. The amount appeared to be greater if the sand-bath was used 
(Table 15). 
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Tastz la. The formation of histamine from solutions containing 5 or 10 mg. t-histidine 
HC1/10 ml. extracted according to Code’s method (1937). Mixture hydrolysed on water-bath 
Histamine content of extract (./ 10 ml.) ml. 10 % trichloroacetic acid present 


L- r 
HCl / i0 ml. 0 10 20 30 or 35 
0 <0-10, <0-13 <0-10 <0-07, <0-10, 
<0-10, 8913 <005 <0-10 <0-30, <0-10, 
<0-10, <0-05, <0-13 <0-25 2 
< — eden 
<0-10, <0-13 
<0-07, <O-1 <0-05 <0-07 
1 <0-20, <0-07 <0-05, <0-18 <0-10, <0-10 0-10, <0-20, 
<0-25, <0-25 <013, <0-20 
<0-20 
5 — 176, — <0-30, 182, 
<0-07, 4010, 1.2, 0.17 0-16, 0-16, 4-54, 086, 
<0-10, <0-10, <O-19, 118, <0-10, <0-10, 34, 3-95, 
10 <0-10, <0-10, 0-18 0-34, 0-53, 3-38, 2-28, 
0-33, 010, ; 1-02, 0-30, 0-28, 0-30, 
0-37, <0-10, 7 0-63, 068, 0-52, 
<0-10, <0-10, 0-67, 0-25, 1:25, 0-13 
<0-10 


Tam 15. Comparison of amount of histamine formed from 10 mg. t-histidine in the presence of 
35 ml. 10% trichloroacetic acid, hydrolysed for 90 min. (a) on water-bath, (b) on sand-bath 
pg. histamine formed 
a) Hydrolysis on water-bath 2-28, 3-33, 4.64, 3-95, 0-86, 3-4, 0-18, 0-3, 0-52, 1-25 
Hydrolyais on bech 8-2, <O25, 948, 68, 46/100, 227, 1-25, 1.51, 0-28, 1-54, 5-68, 
<0-25, 3.3, 2-9, 11:5, 26, 9-5 


Mean values and standard error 
(a) water-bath 2-064 0-52 ug. histamine (10) 
(6) sand-bath 425 4 1-22 yg. histamine (17) 


tions is highly significant (F =9-35). 

Treatment of blanks containing 10 ml. of distilled water never resulted in 
an extract which had any effect on the intestine. 

Factors responsible for decarboxylation. The probability that the trichloro- 
acetic acid is responsible for the decarboxylation of histidine is supported by 
some of the results in Table 1a, whence it is seen that when 10 mg. of histidine 
is heated with HCl in the absence of trichloroacetic acid no histamine was found 
in nine out of twelve tests. However, the amount of trichloroacetic acid present 
does not appear to be very critical as the following typical experimental result 
shows. All the manipulations were done at the same time and under identical 
conditions. (T.C.A. signifies trichloroacetic acid.) 


Histamine 
(ug.) 
10 mg. histidine +35 ml. 10% T. C. A. +10 ml. HCl 0-13 
10 mg. histidine +10 ml. 10% T. C. A. +10 ml. HCl 0-13 
Img. histidine +35 ml. 10% T.C.A. +10 ml. HCl <O01 
Img. histidine +10 ml. 10 , TCA. +10 ml. HCl 


<0-1 
10 ml. distilled water +35 ml. 10% T.C.A.+10 ml. HCl <0-1 
10 ml. distilled water +10 ml. 10% T. C. A. ＋ 10 ml. HCl <0-1 


> 
d 
, 
4 
3 
* 
1 


HISTIDINE DECARBOXYLATION 223 


However, the results given in Table 1a show that there is usually more 
histamine found in extracts in which a large excess of trichloroacetic acid was 
present. 

Some further experiments on the same problem were performed by adding 
histidine to various amounts of reconstituted dried human plasma and then 
extracting these mixtures, each made up to 10 ml. with distilled water, in the 
usual way. The reduction of the amount of free trichloroacetic acid ‘by the 
quantity required to precipitate the plasma proteins did not affect consistently 
the formation of histamine from the added histadine. Histamine present in the 
final solution was always greater in samples to which histidine had been added. 


Histamine found (yg./10 ml. mixture) 


Plasma + 10 mg. 
Plasma vol. ml. Plasma alone histidine 

0 — 1-25 
1 0˙1 0-55 
2 0-1 

2 <O1 0-4 

4 0-1 0-24 
4 <O1 0-41 


Other factors. The results of experiments in which normal instead of concen- 


trated hydrochloric acid was used and others where traces of metallic salts were 


added to the hydrolysis mixture did not suggest that these were factors 
concerned in the formation of histamine from histidine. : 

Removal of trichloroacetic acid before hydrolysis of extracts of blood and serum. 
The histamine activities of the resulting samples treated in the two different 
ways did not differ significantly. Removal of excess trichloroacetic acid by 
trioctylamine, before hydrolysis, did not affect the result (Table 2). These 
results are in accord with those of Code who obtained figures for the histamine 
content of blood and plasma which agreed well with those found by Barsoum 


& Gaddum who removed excess trichloroacetic acid with ether, before hydrolysis. 


TaBLE 2. Histamine content of human blood and serum. Effect of removal by trioctylamine 
| of excess trichloroacetic acid present in extracts, before acid hydrolysis 
Histamine activity (yg./5 ml.) 
‘With T. C. A. Without T. C. A. 


5 ml. blood 0-12 0-125 
5 ml. serum <0-02 0-02 
DISCUSSION 


In view of the present results and those recently reported by Schmiterlöw 
(1949), it appears to be established that under the conditions of the extraction 
procedure of Code (1937), for extraction of histamine from blood and other 
tissues, pure L-histidine hydrochloride can be decarboxylated to yield histamine : 
in detectable quantities, provided that the histidine is present in a concentration 
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of more than 0-1% (w/v). It is profitable to examine the importance of this 
finding in view of the concentrations of histidine likely to be found in animal 
tissue extracts. Free histidine in rabbit and human serum has been estimated 
by Schwartz, Reigert & Bricka (1938) to be 1-2 mg./100 ml. By a microbiolo- 
gical method Hughes & Williamson (1951) have obtained similar values for 
the concentration of histidine present in blood and serum from man and rabbit. 
These indicate that if a 10 ml. sample of whole blood from man, rabbit or cat 
or of serum from man or rabbit, is taken for histamine determination, it is likely 
to contain 0-1-0-2 mg. of histidine. Further, when human, rabbit or cat blood 
was hydrolysed by boiling with hydrochloric acid after precipitation of the 
proteins with trichloroacetic acid as described above, there was no significant 
increase in the amount of histidine determined microbiologically (Hughes & 
Williamson, 1951). On the basis of these results it is unlikely that a detectable 
quantity of histamine would be formed from the histidine present when blood 
is extracted by Code’s method. The same is true for serum and presumably for 
plasma also. 

Emmelin (1945 , ö) has shown that estimates of the histamine content of 
extracts of plasma from the guinea-pig, rat, rabbit and cat, obtained chemically 
or by ultrafiltration do not differ significantly whichever method is used. 
Chemical extraction involving acid hydrolysis did not give samples with higher 
histamine content. Schmiterléw (1949) has reported that extracts of horse 
blood using an alcoholic extraction procedure contain about one-half of the 
amount of histamine found in extracts made by Code’s method. Schmiterléw 
finds that the difference (0-062 yg. histamine dihydrochloride = 0-038 ug. hista- 
mine base/ml. of blood) is within the range of the amounts of histamine formed 
when he treats solutions of horse haemoglobin by Code’s method. These 
haemoglobin solutions (0-125 g./ml.) contained about the same amount of 
haemoglobin as is found in horse blood, an amount which is estimated to 
contain 14 mg. (11% w/w) of histidine, and on extraction yielded solutions 
containing an average of 0-092 ug. histamine dihydrochloride (=0-077 yg. 
histamine base)/ml. Schmiterlöw (1949) suggests that the differences between 
the estimations of histamine made by the two methods when applied to horse 
blood, might be due to a decarboxylation of the histidine present in haemo- 
globin during the extraction procedure according to Code. 

However, although we, like Schmiterléw, have been able to show a significant 
formation of histamine from histidine using the chemical extraction method 
when the histidine concentration was 1 mg./ml. (Table 1a), extracted solutions 
containing less than 0-5 mg. histidine/ml. had no histamine activity. 

If it requires the formation (from haemoglobin in the instance under con- 
sideration) of 0-5-1 mg. histidine/ml. to supply enough material to give a detec- 
table quantity of histamine by decarboxylation of part of it, then this new 
formation of histidine by breakdown of haemoglobin should be shown in the 
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estimations of histidine present in blood before and after hydrolysis. Unfor- 
tunately, this information is not available for horse blood but only for blood 
from the cat, rabbit and man. The increase required according to the above 
analysis is of the order of 0-5-1 mg./ml., or 50-100 mg./100 ml. In human blood 
the normal histidine content is about 1-5 mg./100 ml. and this is unchanged 
after acid hydrolysis. It is impossible to apply Schmiterléw’s argument to the 
blood which we have tested as no check of its histamine content was made. The 
discrepancy between his conclusions based on results with horse blood and ours 
on blood from other species remains unexplained. It may be due to some 
difference in the haemoglobin of these species. One other point of contrast 
between Schmiterlöw's method and those used here is that he heated his 
hydrolysis mixtures over an open flame and we have used a water-bath for the 
greater part of this work, including the mixtures in which changes in histidine 
content were followed. 

Code’s results and those of our few experiments suggest that the quantity of 
histamine found in blood, plasma or serum is unaffected by the presence of 
trichloroacetic acid during the acid hydrolysis. 

It would appear then that none of the histamine eee to be present in 
samples of blood and serum from man, rabbit or cat is likely to have been 
formed during the extraction process described by Code. 

The situation is rather different from some tissues other than blood. In 
striated muscle there may be a very considerable increase in the amount of 
histidine present in the extract after hydrolysis. Some of this histidine may 
be decarboxylated and contribute to the apparent histamine content of the 
extract. For example, 5 g. of cat’s skeletal muscle contains, before hydrolysis, 
about 0-3 mg. of histidine, but after hydrolysis the amount is increased to 
6-5 mg. (Hughes & Williamson, 1951), an amount from which a detectable 
quantity of histamine may be formed during the hydrolysis, according to the 
results presented above. 

Hughes & Williamson have also shown that this increase in the amount of 
histidine present after hydrolysis can be explained by the breakdown of 
carnosine present in muscle. This action can occur in the presence of hydro- 
chloric acid alone, in the absence of trichloroacetic acid. The amounts of 
histidine formed are considered unlikely to be sufficient to provide a concentra- 
tion which might inhibit the effect on guinea-pig ileum of any histamine present 
in the extract. If this were not so it would mean that the actual amounts of 
histamine in the final extract would be even higher than those found. 

There was no increase in the histidine content of extract of cat’s gastric 
mucosa after hydrolysis. The histidine content of gastric mucosa is low, of the 
same order as that found in blood (Hughes & Williamson, 1951), so that the 
histamine estimated to be present in mucosal extracts is unlikely to have been 
derived from histidine during the chemical extraction. 
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In conclusion, it may be said that although formation of histamine by 
decarboxylation of histidine in aqueous solution can be demonstrated if the 
histidine concentration exceeds 0-05-01 %, this finding does not indicate any 
significant error from this cause when histamine is estimated in whole blood 
rather than plasma from man, cat or rabbit. However, especially in the rabbit, 
in which most of the blood histamine has been shown to be present in the 
platelets, there may be other reasons against the use of whole blood when 
estimating histamine after a chemical extraction procedure. Schmiterlöw's 
evidence indicates that estimates on horse blood are also erroneous. 

It seems clear that chemical extraction of skeletal muscle involves formation 
of some histamine and the histamine content of the extract probably does not 
represent the amount originally present. 


SUMMARY 


1. Acid hydrolysis by Code’s method (1937) of solutions containing 5-10 mg. 
of histidine hydrochloride in 10 ml., may result in the formation of significant, 
but variable, quantities of histamine. 

2. The decarboxylation of histidine during the extraction is probably due 
to the trichloroacetic acid present. 

3. Since whole blood, serum and plasma from man, cat and rabbit contain 
only 0-1-0-2 mg. of histidine in 10 ml., and since there is no evidence of any 
new formation of histidine during the extraction, decarboxylation of histidine 
is not a source of error in the extraction and estimation of histamine in these 
fluids. 

4. The extraction method is-unsuitable for the estimation of histamine in 
skeletal muscle, owing to the formation of histamine from carnosine during the 
hydrolysis. 

5. Decarboxylation of histidine is unlikely to be a source of error in the 
determination of histamine in chemical extracts of cat’s gastric mucosa. 


We wish to thank Professor E. J. Wayne for helpful criticism and discussion. 
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FLICKER PHENOMENON IN HUMAN ERYTHROCYTES 


By R. BLOWERS, EVELYN MAY CLARKSON AND M. MAIZELS* 
From the Department of Pathology, University College Hospital Medical School 
(Received 9 June 1950) 


In 1890, Browicz described vibratory movements in human erythrocytes, and 
these observations were confirmed by Cabot in 1901. Fifty years later, Pulver- 
taft (1949) rediscovered the phenomenon using the phase-contrast microscope, 
and drew attention to the earlier work of Browicz and Cabot. In view of the 
demonstration of active cation transport in human erythrocytes by Harris 
(1941) and by Maizels (1948, 1949), it was thought of interest to see if red-cell 
flicker were affected by the same agencies as active transport. 


METHOD 

This is substantially that of Pulvertaft (1949), with minor modifications. To avoid rouleaux 
formation in cells to be examined all dilutions are made with serum or defibrinated plasma of the 
appropriate group. The following are used: (a) 40% suspension of red cells in serum or defibrinated 
plasma; (b) a mixture of serum or plasma and of reagent, the proportions of each being adjusted 
to give the required concentration of reagent. 1 ml. cell suspension and 9 ml. of the diluted reagent 
are mixed, incubated and submitted to the following investigations: (i) a drop of the suspension 
is examined with the phase-contrast microscope and the percentage of flickering cells counted ; 
(ii) 9 ml. are centrifuged, the cells lysed in 4 vol. of water and the pH of the haemolysate measured 
(Maizels, 1949); (iii) 0-2 ml. suspension is gently centrifuged andsthe cells re-incubated with 4 ml. 
normal serum: the object of this last procedure is to show how far cells deprived of their flicker by 
incubation with noxious agents may recover when the agent is removed and the cells re-incubated 
in normal serum. 


RESULTS 


Experiments were carried out at 37° C. and, broadly speaking, two types of 
cell change were seen: the first occurred on the addition of water to give a 
hypotonic system and also on the addition of acids; the second type occurred 
on the addition of alkali, certain metabolic poisons and also with haemolytic 
agents. 

Normally, the red cell is biconcave with a pale centre and it is at the junction 
of the outer dark and pale central area that flicker is best seen as a very rapid 
shadowy flame-like movement, comparable in character to the shimmering of 
heat-haze on a sunny road. In such normal preparations a few erythrocytes are 
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likely to show early crenation, the cells being polygonal instead of round, but 
with flicker fully active. 

The first type of cell abnormality, induced by hypotonicity or by acidity, 
passes through the following stages: the shading becomes diffuse instead of 
peripheral and the flicker, feeble or absent; when counting the flickering cells, 
these varieties present difficulties. Next, the evenly shaded cell changes to a 
cell showing a small bright round refractile area, which may be centric or 
excentric and, when marginal, is seen to correspond to the reflexion of light 
from the bottom of a small invagination of the cell surface. But sometimes, the 
cupping is so marked that the erythrocyte resembles a punctured rubber ball 
that has been squeezed. It is probable that most of the so-called balloon cells 
are really cupped. These cells ultimately become ghosts, with or without an 
intermediate spherocytic stage. 

The second type of cell change occurs in the presence of metabolic poisons. 
The first stage is an increase in the number of polygonal cells over that seen in 
unpoisoned samples; these change to coarse crenated cells, each cell having a 
few large dark spikes. The bases of the spikes are shaded and the intervening 
areas by contrast appear refractile. These cells show small general rocking 
movements without displacement of the cell as a whole and since they are not 
due to currents in the intercellular solution, they are probably Brownian in 
nature and due to the impact of water molecules on the large spikes: owing to 
this and to the alternation of light and dark areas, it is not always possible to 
be sure that flicker is absent from all these cells, though absence is probably 
the rule. The coarse crenated cell turns into the spherical finely crenated cell 
which shows neither flicker nor rocking movements and this in turn changes to 
the spherocyte, a small spherical cell diffusely shaded except for a small light 

rim round the periphery. The spherocyte haemolyses and becomes a ghost. 
Both the above types of change (shown semi-diagrammatically in Fig. 1) if 
they have not lasted too long, may be reversed, in part at least, by returning 
the cells to normal plasma or serum. It must be added that crenated cells and 
spherocytes have been fully discussed by Ponder (1948), who also gives a full 
bibliography. 

Quantitative assessment of cell changes with inhibitory agents is not easy, 
because these changes are not all clear-cut, while fatigue and autosuggestion 
intrude and make it desirable for records to be kept by two observers. For these 
reasons, erythrocytes have been classified into active cells and inactive cells, the 
latter showing only very slight shimmering or none at all. 

All experiments, except those on the effects of reaction on flicker, were 
conducted at about pH 7. 

Time and flicker. If blood is incubated at 37° C. in the presence of glucose, 
flicker is fully active for 2 or 3 days, but, after this, cells become progressively 
inactive, crenated and finally spherical. 
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Temperature and flicker. Effects here have not been fully controlled because 
of the difficulty of maintaining anything like a constant temperature on the 
microscope stage, but it is clear that when blood is examined immediately after 
cold-storage many of the cells are crenated and inactive, and that these become 
bi-concave and active after a few minutes at 37° C. 

Tonicity and flicker. If distilled water is added to blood and the sample 
examined after 5 min., the cells are seen to have become plumper but activity 
is not decreased. When, however, the volume of cell suspension and water 
added are nearly equal, flicker begins to fail and ‘diffusely shaded’ and ‘balloon’ 
cells become numerous. When the cell suspension is diluted with an equal 
quantity of water less than 30% of the cells flicker, most of the cells are bal- 


IN OF 
Hypotonicity or acidity 
Diffusely shaded Balloon 
0 slight! active) (inactive) 


Coarse crenate Fine crenate 
active) (inactive) 


Metabolic poisons or alkalinity 
Fig. 1. 


looned, while a few spherocytes are seen and a fair number of ghosts. With 
further dilution flicker disappears and lysis becomes marked. 

pH and flicker (Table 1). Decinormal hydrochloric acid or sodium hydroxide 
was mixed with cell suspension, and the samples examined after 5 min. and 
again at 4} hr. The shorter time gives more correctly the pH range of activity 
because it tends to avoid permanent cell damage. With short exposure, the 
number of flickering cells was much reduced above pH 9-6. Between pH 9 and 
5:5, flicker appeared to be active throughout, and though there may well have 
been loss of power at the extremities of this range, this was not perceptible. 
Between pH 5-5 and 5, an undoubted general decrease in the activity of flicker 
could be seen, with the appearance of diffusely shaded and ballooned cells: 
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below pH 5, flicker is no longer seen. With regard to the effects of restoration 
to normal plasma: of cells completely inactivated at pH 10-2, 10% recovered 
while of cells largely inactivated at pH 9-6 nearly all recovered in normal plasma 
as did cells inactivated at pH 5-2; cells inactivated at pH 5 showed poor 


recovery. Tam 1. Effects of pH on red-cell flicker 


Cells restored to 
Period of | normal plasma for 
Exp. exposure (min.) Cells pH Lysis Cells active (%) II hr. (% active) 
1 5 10-2 + Very few 10 
5 9-6 + 15 95 
5 9-3 0 50 — 
5 9-0 0 90 — 
5 6-0 0 100 — 
5 5-5 0 95 — 
5 5-2 0 80 (weak) 100 (normal) 
5 5-0 + 10 
2 270 9-1 + 10 55 
270 8-9 0 43 75 
270 7-2 0 85 — 
270 6-0 0 77 — 
270 5˙8 0 47 67 
270 5-5 0 10 52 
270 5-2 + 0 47 


(+ =slight.) | 

As might be expected, the pH range of flicker was narrower when the period 
of exposure was extended to 4 hr.—9-2-5-5, but even here considerable 
recovery of inhibited cells followed the transference to normal plasma. 

Metabolic poisons and flicker. Fluoride: Pulvertaft (1949) added 0-1 ml. 
u- sodium fluoride to 0-9 ml. blood and observed inhibition of flicker after 5 min. 
The addition of molar fluoride solution must result in hypertonicity of Pulver- 
taft’s blood systems and in the present experiments (Table 2) with isotonic 
systems, even high concentrations of fluoride failed to inhibit flicker after only 
5 min. incubation, though after 4 hr. inhibition was marked with all concentra- 
tions down to 5 m., initial crenation being followed by spherocytosis. Even 
when inhibition was marked, however, washing and replacement in fluoride- 
free plasma led to considerable recovery of flicker, more especially in cells 
exposed to weaker concentrations of inhibitor: recovery after strong fluoride 
was much less, indicating permanent cell damage. On the other hand, addition 
of pyruvate to fluoride systems did not prevent loss of flicker (Table 3). 

With mono-iodoacetate (Table 4) cell flicker was unaffected by high concen- 
trations applied for 5 min., but definite inhibition was seen at 1 hr. With rather 
weaker concentrations (15—10 mm.) inhibition was slight at 1 hr., but marked 
at 3 hr. and even quite low concentrations down to 0-15 mw. inhibit slightly 
at 34 hr., while after 8 hr. incubation some inhibition was perceptible when 
iodoacetate was only 0-02 mm. Absence of flicker was always associated with 
marked crenation and sphering. 
Carbon monoxide did not inhibit flicker after 4 hr. exposure—an observation 
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which agrees with Pulvertaft’s (1949) earlier findings. Cyanide and azide acting 
for 5 hr. at 10 mm. or less also failed to inhibit: high concentrations, on the 
other hand (over 30 m.), caused considerable depression with crenation and 


hering. 
99 TABLE 2. Effects of fluoride on cell flicker 


Cells restored to 
Period of normal plasma 
exposure Cells active for 2 hr. 
NaF (m.) (min.) (%) (% active) 
80 5 66 — 
80 60 28 —̃— 
80 240 8 16 
80 330 3 8 
40 5 58 — 
40 60 37 
40 240 10 33 
40 330 4 7 
20 5 61 — 
20 60 49 * 
20 240 9 33 
20 330 7 16 
10 5 70 — 
10 60 61 — 
10 240 9 67 
10 330 s 35 
5 60 72 ils 
5 240 37 76 
5 330 16 47 
0 5 95 
0 330 90 . 


TaBLE 3. Effects of fluoride and pyruvate on cell flicker 
Na pyruvate Period of 
exposure (min.) Cells active (%) 
120 


NaF (mm.) 


canna SSSS 8888 


(mM.) 
0 
13 
0 
13 
0 
13 
0 
13 240 
0 
13 
0 
13 
0 
13 
0 
13 
0 
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Mepacrine had little effect with levels at 0-4 mM. or less, but more than 1 mm. 
gave clear inhibition with diffusely shaded and ballooned forms, crenated cells 
and spherocytes. 
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Tam 4. Effects of mono-iodoacetate on cell flicker 
Cells restored to 
7 Mono-iodoace- Period of 
Exp. tate (mm.) exposure (min.) Cells active (%) (9% active) 
1 36 5 66 ei 
36 60 24 855 
f 36 180 4 23 
36 270 1 a 
24 5 63 5 
— 20 
80 23 33 
24 270 11 
15 5 76 — 
15 60 67 adi 
| 15 180 25 37 
| 15 270 14 siden 
ll 5 84 — 
11 60 78 
\ 11 180 40 55 
11 270 25 
0 270 96 — 
2 40 210 18 
40 480 0 
20 210 29 
20 480 3 2 
10 210 35 — — 
10 480 8 — 
2˙5 210 47 — 
2˙5 480 14 — 
0-6 210 47 — 
0-6 480 9 — 
0-15 210 52 —— 
0-15 480 21 — 
0-04 210 77 — 
0-04 480 21 — 
0-02 210 71 — 
) 0-02 480 35 
0-01 210 83 — 
0 210 80 
0-01 480 45 — 
0 480 50 8 
Tas 5. Effects of cyanide, azide and mepacrine on cell flicker 
Percentage cells active after 
Reagent mu. 60 min. 180 min. 300 min. 
i 2 46 39 19 
N 38 50 38 28 
13 76 69 65 
6-5 84 80 81 
0 87 — 80 
Azide 68 66 50 20 
, 27 85 53 35 
13 82 67 68 
6°5 86 68 70 
0 85 80 78 
Mepacrine 2 30 — 30 
1-2 45 — 38 
0-4 78 — 76 
0 75 — 72 
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Tax 6. Effects on red cell flicker of incubation for 18 hr. with various sugars 
Sugar added Cells active (%) 


Tann 7. Comparison of the effects of various agents on red-cell flicker and on active transport 


None 

Arabinose (0-2 %) 
Fructose (0-2 0%) 
Galactose (0-2%) 
Glucose (0-2 %) 


Concentration 
Total base 188 m.equiv./l. 
164 


136 
124 


* 


Period of 


Active 


4 

3 0-5 

10 

| 60 

1-5 

75 

| Mannose (0-2%) 79 

Lactose 6275 2-5 

q Maltose (0-2 %) 9 

Sucrose (0-2 %) 2 

. exposure icker transport 
chr.) index index 
18 1-00 1-06 
18 1-00 1-0 Q 

: & & 
q 18 0-90 0-53 
9 6 0-40 0-12 
6 0-69 0-35 
1 6 1-00 0-59 
4 6 1-00 1-0 
| 6 1-00 0-92 | 
6 0-94 0-55 
j 6 0-82 0-28 
6 0-60 0-08 
6 0-08 0 
J 18 0-01 — 0-26 
18 0-21 +0-05 
18 0-60 0-39 
18 0-79 0-52 
18 0-05 0 
3 18 0-35 0-25 
| 18 0-70 0-68 
18 0-98 0-94 
} 11 mx. /I. 18 0-85 0-77 | 
: 55 „ 18 1-00 0-95 
12 m. /I. 18 0-74 0-66 
_ ee 18 0-91 0-80 
3 9? 18 0-95 0-85 | 
0-5 mM. /I. 18 0-61 0-45 
500 mg. % 18 0-92 0-93 
18 0-65 0-59 

; 88 „ 18 0-14 0-09 
: Glucose 500 „ 18 0-90 0-92 | 
, 85 „ 18 1-00 1-00 | 
Mannose 500 mg. % 18 0-93 0-86 
167 „ 18 0-86 0-82 
; 85 ” 18 0-83 0-80 
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Sugars and flicker. Dialysis of blood against saline removes most of the 
natural glucose after several days, but the cells were seen to be spherocytic and 
showed little recovery on being incubated with added glucose. The following 
method gave satisfactory results: 5 ml. samples of blood were cold-stored at 
6° C. for 9 days with a variety of sugars. At the end of this time, much of the 
natural glucose originally present has disappeared. The several samples were 
then poured into a solution consisting of 3-5 ml. potassium chloride (0-15) and 
10 ml. sodium chloride (0-15), together with enough alkali to prevent the pH 
of the cells falling below 7 during incubation: the cell suspensions were rocked 
for 18 hr. at 37° C. (by which time none of the original natural glucose remained), 
and examined with a phase-contrast microscope. Table 6 shows that in the 
presence of moderate amounts of glucose, mannose and fructose flicker is well 
maintained with mannose as a rule slightly less efficient than glucose (this is 
not seen in Table 6) and fructose definitely less effective. The lower the sugar 
contents, the greater is the disparity in effectiveness of the various sugars; 
these findings are illustrated in Table 7 and the matter is discussed more fully 
later. With arabinose, galactose, lactose, maltose and sucrose, flicker at the 
end of 18 hr. incubation was slight, and indeed most of the cells had then 
become spherical (maltose was the least ineffectual of these five sugars; possibly 
because it contained a trace of glucose as shown by fermentation tests). 


Correlation between cell flicker and active cation transport 

The present paper shows that flicker is affected by certain agents which are 
known to affect active cation transport (Maizels, 1951), and an attempt has 
been made to compare these effects on the respective cell activities. In Table 7, 
flicker has been expressed as an index related to the degree of flicker seen in a 
control sample, the latter consisting of a suspension of cells in serum, containing 
enough glucose to ensure activity throughout the period of observation and 
free from the addition of any toxic substance. Thus, if the control gives 80% 


of flickering cells and the inhibitor reduces this to 40%, the flicker index is 0-5. 


Reduction of active transport to an index is less easy, because allowance must 
be made for the action of passive diffusion in opposing transport, the former 
amounting roughly to about 8% of the external sodium concentration. This 
amount of diffusion has therefore been assumed to occur in calculating the 
active transport index. Thus, if the cold-storage level of sodium is 45 m.equiv./l. 
and if, after incubation in solutions containing 125 m.equiv. sodium, without 
and with inhibitors, the cell sodium contents are respectively 20 and 30 m.equiv., 
the active transport index is (45+10—30)/(45+10—20) or 0-71. The two 
indices are obtained by very different techniques, but there is a marked 
qualitative resemblance and a definite quantitative association between the 


flicker and active transport indices—an association which is manifest even in 


such details as the effects of reducing the sugar content in incubated systems: 
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with fructose the reduction causes a decrease both in flicker and transport, 
while with glucose a similar reduction is without effect (Table 7). On the whole, 


reduction in the transport index induced by an inhibitor exceeds the cor- 


responding reduction in the flicker index. 


DISCUSSION 


According to Pulvertaft (1949) both nucleated and non-nucleated erythrocytes 
show flicker, but the former alone show a second independent and continuous 
movement of the surface. Hence, he concludes that in nucleated cells and 
presumably also in non-nucleated cells flicker is independent of the external face 
of the cell. In support of this, it may be shown that minute particles in 
Brownian movement show no special disturbance in the vicinity of erythro- 
cytes, and indeed it is difficult to conceive of a purely surface movement 
producing the radial flicker of erythrocytes without being transmitted to the 
cell interior. The movement observed might be due to the Brownian movement 
of minute particles constrained by structural orientation within the cell, but 
it is difficult to believe that such physical movement could be inhibited by 
iodoacetate (in minimal amounts) or by fluoride, and that it would depend for 
its maintenance on certain monosaccharides and not on others; indeed, the 
resemblance between flicker and active transport is so close as to lead to the 
conclusion that the former, like the latter, is due to metabolic activity. These 
resemblances may now be considered more closely. Both activities persist in 
the presence of carbon monoxide and with cyanide and azide (up to 0-01 M), and 
are therefore independent of the normal mechanisms of cell respiration; indeed 
flicker and transport are both evident even when, because of combination with 
carbon monoxide, cyanide or azide, oxygen carriage by haemoglobin is no 
longer possible. On the other hand, fluoride and mono-iodoacetate which in- 
hibit glycolysis both inhibit transport and flicker, nor is this removed by the 
simultaneous presence of pyruvate. It is true that inhibition by fluoride and 
iodacetate is not immediate and may take more than an hour to appear, but the 
initial activity may depend on the presence of existing high-energy phosphorus 
compounds, ceasing, in the absence of further synthesis, only when these 
compounds are used up. 

The pH range of the two activities are also qualitatively similar, extending 
from about pH 5 to 9-5, and though depression by pH and other agents is 
apparently exerted more powerfully on transport than on flicker, the disparity 
is not great (Table 7), and it may well be that the maintenance of flicker 
requires less energy than the accomplishment of active cation transport. 

A number of metabolic poisons exist besides those already discussed, but of 
these mepacrine alone was investigated because it appeared to damage the 
outer surface of erythrocytes (Maizels, 1951), and there was a possibility that 
this might affect flicker, but not transport. It is known that mepacrine 
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increases the permeability of red cells (Maizels, 1951), and cells so treated even 
in isotonic solution show diffusely shadowed forms, ballooning and cupping. 
Less altered cells, however, showed flicker and, as usual, the general reduction 
of flicker over that seen in controls was exceeded by the reduction of transport— 
an apparent excess due in part at least to using the standard figure for sodium 
diffusion, instead of allowing for the increased cell permeability induced by 
mepacrine. Mepacrine in quite small amounts inhibits cytochrome reductase 
(Haas, 1944) and it is probable that effects observed with the highest concentra- 
tions used, and absent with weaker concentrations, were due to non-specific 
damage and not to specific action on cytochrome reductase. 

The effects of the sugars are of special interest. Meyerhof & Geliazkowa 
(1947) showed that with brain homogenates glucose and mannose are actively 
glycolysed, galactose is inactive, while fructose glycolyses more slowly than 
glucose when both are present in solution at 0-2%, but both the sugars glycolyse 
at the same rate when concentrations are 2%. The writers attribute these 
findings to different affinities of the sugars for hexokinase, differences which are 
more apparent at low concentrations. Meyerhof & Geliazkowa’s findings are 
paralleled exactly with active transport (Maizels, 1951) and also with red 
cell flicker (Table 7), for here we see that glucose and mannose in large or small 
amounts are associated with activity, galactose is always inactive, while cells 
incubated with solutions rich in fructose are active and in fructose-poor 
systems they are inactive, although the incubated cells of such systems contain 
more sugar than do the cells of the corresponding glucose-poor systems, showing 
that the findings with fructose are not due to premature exhaustion of sub- 
strate but to a failure in utilization. The parallelism is so exact as to force the 
conclusion that active transport and flicker are parallel or successive events 
both dependent not on physical causes, but on metabolic activities in which 
glycolysis, but not respiration, is the chief factor. It is tempting to assume that 
flicker is itself an expression of the activity of ‘carrier’ molecules engaged in 
transporting sodium from within the erythrocyte to the exterior and this may 
well be the case; but the matter is not yet proven and, as already remarked, 
flicker and cation transport may merely be parallel activities. 

It must be presumed that diffuse agitation at the inner face of the red-cell 
membrane is propagated centrally, causing disturbances of refraction, and it 
is possible that the inertia of the cell contents suffices to make these distur- 
bances visible with the phase-contrast microscope, or it may be that visibility 
depends on a constraint imposed by molecular orientation within the cells. 
Alternatively, flicker may be due to variations in refraction produced by the 
liberation of metabolic products in incubated cells. Pulvertaft has attempted, 
without success, to count flicker by a stroboscopic method. According to this 
worker, too, flicker is not observed in cells other than erythrocytes and this 
must be ascribed to a less fluid type of contents or to ‘damping’ of the flicker 
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by intracellular phase boundaries. It is, however, possible that motility in 
certain cells may have something in common with red-cell flicker, and certainly 
spermatozoa seem to depend on fructolysis for activity: whether motility in 
bacteria is similarly based on glycolysis, perhaps in association with active 
transport, is more speculative. 

Cell shape and flicker. With a little experience it is possible to guess from the 
shape of a cell alone whether it will or will not show flicker, and closer inspection 
will almost always confirm the surmise. It is probable that erythrocytes which 
have lost their biconcavity and are even slightly biconvex still flicker, but gross 
departure from the normal shape by crenation, ballooning or cupping, is in- 
compatible with flicker or active transport, while on the other hand, normal 
looking cells without flicker have not been met. It therefore follows that re- 
tention by the red cell of its normal biconcavity may, like flicker and active 
transport, depend on metabolism and presumably on glycolysis. Alternatively, 
normal cell metabolism may itself depend on the persistence of physical forces 
able to maintain cell biconcavity; in this connexion it will be recalled that 
haemolysis results in inhibition of glycolysis and phosphorylation and in 
acceleration of phosphorolysis, and it may well be that mere disturbance of 
shape has similar effects. 

With regard to the first possibility: the dependence of cell shape on meta- 
bolism might seem to be excluded by the observations that cell shape in sickle 
cell anaemia seems to depend on oxygen tension, while flicker and active 
transport are independent of respiration. But in fact sickling in vitro is dis- 
persed by the admission of either oxygen or carbon-monoxide (Ponder, 1948), 
and it seems that sickling depends not on the absence of respiration but on the 
presence of uncombined haemoglobin. In this connexion it is interesting to 
note that in a case of sickle cell anaemia recently examined, flicker persisted in 
moderately deformed cells but was not seen in cells whose outlines were grossly 
spiked or serrated. 

According to Ponder (1948) the biconcave shape of the human erythrocyte 
is the resultant of some of several possible physical forces: surface tension at 
the external cell face, surface tension at the inner cell face, inter-molecular 
forces in the surface ‘ultra-structure’, expansive force of contained non- 
penetrating substances and orientation of haemoglobin moleculés within the 
cell: to these must be added possible action depending on cell metabolism. 
The last two factors might seem to be excluded by the observation that bicon- 
cavity may persist in ghosts (Ponder, 1948). But this is not necessarily so, for 
in the case of haemoglobin at least the protein exerts a negative effect: normal 
haemoglobin molecules are randomly disposed within the erythrocyte and do 
not oppose its biconcavity; the abnormal haemoglobin molecules of sickled 
cells, on the other hand, are thought to be partially alined ‘resulting in the 
erythrocyte’s becoming birefringent, and the cell membrane’s being distorted 
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to accommodate the now relatively rigid structures within its confines’ 
(Pauling, Itano, Singer & Wells, 1949). Moreover, though mere physical forces 
might suffice to keep a ghost biconcave, in the case of the unhaemolysed cell 
with its osmotically active contents, such physical agencies might not suffice 
unless supported by metabolic forces. The possibilities therefore remain that 


the biconcave shape of the normal human erythrocyte depends on physical 
forces or on metabolic activity or on both. 


SUMMARY 


1, Normal human erythrocytes examined with the phase-contrast micro- 
scope show flickering movements in the cell interior. This flicker closely 
correlates with active cation transport, both depending on the retention of 
normal cell shape and being limited by a pH range between 5 and 9-5. Both 
activities are constrained by agencies inhibiting glycolysis but are practically 
unaffected by substances which inhibit respiration. 

2. Glucose and mannose energize red-cell flicker. Fructose is equally 
effective in high concentration, but much less effective at low concentration. 
Galactose, arabinose and the disaccharides do not energize flicker. These sugars 
bear an identical relation to active cation transport. 

3. There is an association between flicker and normal cell shape, but while 
the former is clearly related to cell metabolism, the latter may depend on 
metabolic activity or on simple physical agencies or on both. 
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ELECTRICAL ACTIVITY OF THE CORTEX 
ACCOMPANYING MOVEMENT 


By J. A. V. BATES 
From the Neurological Research Unit, National Hospital, Queen Square, London 
(Received 14 June 1950) 


A diversity of evidence both from laboratory experiments and clinical observa- 
tion, has led to the belief that, preceding the onset of a voluntary movement, 
there is some activity of the large pyramidal cells (Betz cells) in the precentral 
gyrus. The experiments to be described were begun in an attempt to obtain 
direct evidence for this in healthy conscious human subjects. Previous at- 
tempts to find evidence for this activity in the electroencephalogram (e.e.g.) 
have failed, and the failure has been generally attributed to there being an 
insufficient number of neurones discharging simultaneously to produce a 
significantly large potential change. There were, however, two reasons which 
encouraged a fresh attack on the problem. First, Dawson (1947 b), confirming 
and extending the observations of Grinker, Serota & Stein (1938), had found 
considerable potential changes over the region of the motor cortex preceding 
by about 15-40 msec. the onset of sudden involuntary contractions of skeletal 
muscle, in a patient with the diagnostic label of myoclonic epilepsy; and 
secondly, a technique was available which appreciably increased the sensitivity 
of the e.e.g. to any consistent electrical disturbance in the cortex. 


METHODS 


The essentials of the technique were as follows (see Fig. 1): in the typical experiment, the subject 
reclined in comfort, and the surface markings of the central sulcus were drawn on the scalp according 
to Cheine’s method as described by Cunningham (1922). The electrodes were bakelite tubes about 
8 mm. long and 4 mm. diameter filled with electrode jelly, into which dipped a 32 s.w.g. silver wire 
coated with chloride at the tip. The electrodes were firmly fixed to the scalp with collodion. In 
every experiment one electrode was placed 5 mm. in front of the central sulcus marking, and 7 cm. 
down from the midline, over a point which it was estimated would be in the region of the motor 
area for the hand. The position of the other electrodes was varied according to the nature of the 
experiment and the recording channels available. The amplifiers were of a condenser-coupled 
push-pull type, attenuating a 1 cyc./sec. sine wave by less than 3%, and giving a record on moving 
paper from a 5 cm. ink-pen which would respond without loss of amplitude to 100 cyc./sec. Two 
similar electrodes were applied to the skin over the flexor muscles of the forearm, and from these 
an electromyogram could be recorded simultaneously with the e.e.g. The subjects held a 4 cm. 
diameter cardboard cylinder loosely in the hand, and they were instructed to make a succession 
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of abrupt grips on this at a rate of about ten a minute che instant at which a grip was made was 


Fig. 1. Diagrammatic illustration of the experimental conditions, and the technique of photo- 
graphic superimposition of the e.e.g. records with respect to the onset of muscle activity in 
voluntary movement as indicated by the electromyogram. In this and all subsequent figures, 
one electrode is shown black, and is joined to the record by a continuous line, and the other 
electrode is shown white and is joined by a broken line. When the white electrode goes positive 
with respect to the black electrode, the recording pen in that channel deflects upwards. 


Inspection of a single record confirmed that no significant e.e.g. disturbance could be said to 
accompany the hand movement, but by the use of the following technique such disturbances were 
revealed. Portions of the paper record containing an electromyogram were brought in turn 
beneath a plate camera, and, using a celluloid graticule, they were positioned in such a way that 
the onset of electrical activity in the muscle group always formed an image at the same point on 
the plate in the camera. A brief exposure was then made—about 1/20th of the time needed to just 
cause complete reduction of the photographic emulsion. This process was repeated for twenty 
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consecutive muscular contractions, and the plate on development showed portions of the e. e. g 
record superimposed with respect to the electromyogram, with the result that those changes in the 
e.e.g. which were consistently related in time to the electromyogram were emphasized with respect 
to the non-related activity. Reference to Fig. 1 shows that in the single tracing (top), it could not 
be said that any significant deviation in the e.e.g. had occurred. In the bottom record, however, 
in which the subsequent twenty-six records have been superimposed, it is clear that there has been 
some systematic effect in the e.e.g., and reference to the top tracing shows that this has the 
characteristic deviation common to the rest of the series, occurring in a burst of alpha activity. 

This technique has the advantages that not only does it increase the recording sensitivity to 
systematic changes by an amount estimated to be about fivefold, but also it would give a chance 
of revealing any potential changes which might occur in the cortex before the muscle movement 
was made, even though the exact instant of movement was left to the subject's free choice. It has 
on the other hand the disadvantages that it is slow and requires careful photography to get adequate 
records. It must also not be forgotten that this procedure will tend to mask any consistent change 
in the shape of successive responses which may be occurring during the course of the series. 

There is a general limitation to all attempts at accurate localization by e.e.g. recordings from 
the scalp surface, which arises from the variability of the positioning of the cerebral hemispheres 
with respect to the skull’s bony landmarks. An attempt was made to estimate this variability in 
the case of the central sulcus on cadavers, as follows. The surface marking was drawn according 
to Cheine’s method as described by Cunningham (1922), and small holes were drilled through the 
bone } in. apart along the line, and the brain beneath was marked with indian ink. The skull was 
then opened, and the central sulcus positively identified by a coronal section. On two out of the 
three cadavers examined the error was, in general, greater than the width of a gyrus; in the third, 
it was about half the width of a gyrus. There was nothing to suggest that any correction in the 
method would make it more accurate. At this point the collection of further data was abandoned 
when it was learnt that Jasper (1949) using a somewhat better technique, had obtained a similar 
estimate of the unreliability of the method. In his method, a ph of the marked scalp was 
superimposed on a photograph of the motor cortex identified by stimulation after reflexion of the 
bone flap. In view of the possibility of a variation of the order of plus or minus one gyrus, it does 
not appear permissible to speak of the site of the recorded activity as being more precisely located 
than ‘in the region of the central sulcus’. 

The following observations were made during the course of 120 experiments on five healthy 
subjects. 


RESULTS 

(i) Voluntary movement and phase of the alpha rhythm. On superimposing the 
records obtained in the way described, it was seen that whenever alpha activity 
was present, there was a tendency for the voluntary movement to occur at 
the same point in the phase of the cycle of the alpha rhythm on successive 
occasions. This is illustrated in Figs. 2 and 3, in which there is clearly a dif- 
ference in the superimposed record between the centre section and the rest. It 
should be borne in mind that since the alpha rhythm stays roughly constant in 
frequency from occasion to occasion, there will be some superimposition of the 
waves in phase on either side of the instant of movement. This tendency was 
unmistakably present on some occasions in each of the five subjects—but it 
was not invariably present. No clear reason for this emerged, but it was 
characteristically more pronounced in records obtained at the beginning of an 
experiment than at the end. Records of the general type illustrated were 
obtained in about one-fifth of all the suitable data collected. The odds against 


< 
« 
* 
* 
* 
4 
* 


& on 


ELECTRICAL ACTIVITY OF THE CORTEX 243 


obtaining on one occasion by chance, the coincidence of twenty sine waves as 
good as that illustrated in Fig. 3 have been found by experiment to be about 
twenty to one. Since this phenomenon could be obtained on repetition, and 
on different subjects, there would seem to be no grounds for doubting its 
validity on grounds of chance. 


1 v. . 9 
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Fig. 2. Twenty tracings superimposed with respect to the instant at which a key was pressed. The 
alpha rhythm (channels 2 and 3) tends to be superimposed in phase for about five waves on 
either side of this instant. In this, and all subsequent figures, the channels are numbered from 
above downwards. 


This tendency was not confined to voluntary hand movements, for it was 
also found with voluntary blinks of the eyelids. For this, the records were 
superimposed with respect to the blink artefact potential. Two subjects were 
selected for showing particularly clear alpha rhythms with their eyes open, and 
records of the type shown in Fig. 4 were obtained from each. It is seen that the 
alpha rhythms superimposed on the blink artefact, have themselves tended to 


be superimposed in phase. It is noteworthy that this same phenomenon has 
16—2 


Channel 

/ Key 1 

Lo 2 | 

— 

~ = — 

=| 10 uV. 3 

| 10 pv. 4 

l. 
2. 

3. 

4. 


200 u. J. S. 6 


Fig. 3. The same phenomenon as shown in Fig. 2 in another subject at a faster paper speed. See 
also Fig. 11 in which records have been superimposed with respect to the electromyogram 
of a voluntary movement and of a similar movement produced by external stimulation. 


Fig. 4. Consecutive tracings superimposed with respect to an artefact caused by a voluntary 
blink (channel 1). The superimposed alpha waves (channel 2) are themselves superimposed on 
a potential wave due to the voluntary blink. 
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been observed quite independently by Boreham, Kibbler & Richter (1949) 
using an entirely different voluntary movement—in their experiments the 
instant of opening the eyes was found to be phasically related to the subjects’ 
alpha rhythm. 

(ii) Potential changes accompanying hand movement. In each subject it was 
found that following the hand movement, a potential change occurred in the 
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Fig. 5. Exclusion of the possibility of artefact due to concomitant blinks or eye movement. These 
are recorded in channel 2 and records for superimposition are selected so that there is no 
activity in the eye region. 


e. e. g. This potential tended to be very small, particularly in the early experiments, 
and it appeared possible at first that it was an artefact. Instrumental artefacts, 
such as might be caused by swinging leads and adjacent channel interference in 
amplifiers were excluded by simple experiment, but the possibility that the small 
potentials were caused by face movements or blinking, concomitant with the hand 
movement, had to be tackled in more detail. For these experiments one amplifier 
channel was set aside to record from electrodes about the eyes and elsewhere 
on the face, and only those records were selected for superimposition which 
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showed no activity in the artefact channel. The result of this procedure is seen 
in Figs. 5 and 6, in which it is clear that deflexions of the base line, though in 
these cases small, persist in the absence of muscle activity in the eye region. 


G.D. 12 
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Fig. 6. A second subject showing the same phenomenon with 
consistent horizontal eye movements excluded (channel 1). 


Two attributes of this potential change should be stressed. First, there were 
differences both in amplitude and form of the cortical potentials between sub- 
ject and subject, and less pronounced differences between the same subject 
on successive occasions. The most usual response was one in which the electrode 
over the region of the central sulcus became negative with respect to the rest 
of the brain, and this effect began 20-35 msec. after the muscle activity, 
reaching a peak in 55-75 msec. and lasting for 100-200 msec. An unusually 
conspicuous response of this type is illustrated in Fig. 7, and a response of 
minimal significance is illustrated in Fig. 8. The response is invariably larger 
on the contralateral side than the ipsilateral side, and a record illustrating this 
is shown in Fig. 9. To obtain this, movements were made with alternate hands 
whilg the position of the head electrodes was unchanged. There is a suggestion 
of activity on the ipsilateral side, but there are insufficient data to indicate 
whether it represents a direct electrical spread or a bilateral representation. An 
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example of a more complex type of response is shown in Fig. 10, which will be 
referred to later. In responses of this type there was evidence of a positive wave 
succeeding the negative wave, and occasionally preceding the negative wave. 


V.M.2 


Fig. 7. Unusually large negative wave localized at the contralateral central sulcus region. Successive 
tracings were superimposed with respect to the onset of activity in the forearm flexor muscles, 
and the tracing in channel 1 gives an estimate of the errors involved in superimposing the 
records with respect to movement of a key. This variability is less than 15 msec. and is in- 
sufficient to mask the effect. 


Classification of the types of cortical response has not been pursued in more 
detail. The differences are undoubtedly due to some extent to differences in the 
position of the electrodes relative to the active focus, but a more detailed 
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examination of the effect of electrode position on wave shape in one subject 
suggests that the predominant negative wave is relatively widespread. In view 
of this, it is thought that variation in localization of the electrodes from subject 
to subject due to anatomical differences would be unlikely to account for the 
whole of the difference. 

Secondly, on no occasion has there been any activity recorded preceding the 
onset of the movement. There remained a faint possibility that a very slow 
potential change might be commencing before the onset of movement, and that 
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Fig. 8. Localization by the three-channel phase reversal technique. Significant 
but minimal changes opposed in sign in channels 2 and 4. 


this slow change was being masked by the condenser coupling in the amplifiers. 
To examine this, one amplifier was made with an over-all time constant of 
20 sec., but e.e.g. records with this did not support the idea that a slow swing 
in this region was being missed. 

In view of the failure to find any potential changes before the onset of the 
movement, and in view of the duration of the delay between the onset of move- 
ment and the cortical potential changes, it was clearly necessary to determine 
whether the potentials could represent the arrival of afferent impulses from the 
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periphery. This likelihood appeared to be supported by experiments in which 
the basic technique was varied as follows. 

A surface electrode, made of a 1 cm. diameter saline pad on a silver-silver 
chloride rod was strapped to the skin of the cubital fossa, and an indifferent 
electrode was strapped to the forearm just above the wrist. Care was taken to 
place the upper electrode over the median nerve in such a way that when a 
20 psec. shock was applied between the two electrodes there was a brief ‘sub- 
maximal’ twitch of the wrist. The shock strength and electrode position were 
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Fig. 9. Alternative experimental demonstration in another subject that 
the potential is larger on the contralateral side. 


adjusted until there was the minimum of cutaneous sensation accompanying 
the shock. The experiment was conducted in the following way. The subject 
was asked to produce voluntarily the exact movement of the wrist that the 
shock produced involuntarily. It was found by close observation of the induced 
movement that the subject was able after a few minutes’ practice to produce 
a voluntary movement which was identical with the involuntary movement. 


4 
4 
7 
7 
~ 
— 
/ — D 
/ D 
/ 
/ | 50 U. 
Contralateral hand Ipsilateral hand 
3 
E 
e 


250 J. A. V. BATES 


An experimental run was then done, in which voluntary wrist movements 
alternated with involuntary movements produced by the shock. The results 
from an experiment of this type, which have been obtained by superimposing 
alternate responses, are shown in Figs. 10 and 11, obtained from different 
subjects. It is seen that the differences between the records from voluntary and 
involuntary movement are both qualitative and quantitative. In general, 
however, the most pronounced differences are quantitative, for the latencies 
of the principal components of the waves are the same in each case, and such 
qualitative differences as there are might be accounted for by summation of 
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Fig. 10. Comparison between cortical responses when identical voluntary 
and involuntary movements of the hand are made alternately. 


the original response with centripetal impulses from the stimulus itself. In 
Fig. 12 a well-marked cortical response similar to that illustrated in Fig. 100 
is shown, when recorded on considerably faster paper. The latency of approxi- 
mately 25 msec. between the stimulus and the beginning of the response is 
clearly seen. 

Lastly, mention has already been made that this technique will mask any 
alteration in the shape of the response that has been occurring during the course 
of a single series, and may lead to an erroneous impression that the response is 
a wave constant in shape superimposed on random activity. In Fig. 13 the 
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first ten, second ten, and third ten of a series of thirty consecutiv respo 
e nses to 
involuntary hand movement have been superimposed independently, and there 


is a suggestion that variations in the shape of the response wave itself may be 


occurring. 
V. N. 13 
| 


Fig. 11. The same experimental conditions as illustrated in Fig. 10 but from a different subject. 
The differences in response are quantitative rather than qualitative. Note that in the volun- 
tary movement (a) there is shown the tendency for phasic superimposition of the alpha waves 
(see Figs. 2 and 3), which is not present when the movement was involuntary (b). The central 
channel had a filter to give 50% attenuation at 2 cyc./sec. 


DISCUSSION 


The finding that a voluntary movement tends to be timed in relation to the 
phase of the alpha rhythm, deserves discussion in relation to a finding by 
Adrian & Moruzzi (1939). They were able, in the cat anaesthetized with Dial, 
to record from the pyramidal tract, at its decussation in the medulla, bursts of 
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impulses which were synchronous with waves on the surface of the motor 
cortex. They further concluded that ‘in so far as there is a definite rhythm in 
the surface potentials, we may take it as highly probable that there is a similar 
rhythm of discharge from the deeper cells, whatever the region concerned and 
whether there is an anaesthetic or not. In fact, we may conclude for example 
that the presence of Berger’s alpha waves implies a discharge of 10 impulses 
a second in the axons leaving the deeper cell layers’. | 


10 u. P.G. 16 


Fig. 12. Cortical response to a submaximal stimulus of the contralateral median nerve at the 
elbow, showing a clear latency of approximately 25 msec. 


There has been much speculation concerning the function of the pyramidal 
tract. Broadly speaking, on the basis of clinical material, it has been identified 
with the existence of skilled voluntary movements, particularly of the upper 
extremity, and, on the basis of animal experimentation, with the existence of 
a normal state of tonus in the musculature. Both these viewpoints encounter 
difficulties. For example, in the first case, the fact that the tract is well 
developed in hoofed mammals as shown by Lassek (1942); and in the second 
case, the fact that the notion largely rests on the assumption that an individual 
anatomical tract can alone be completely divided. On the assumption, how- 
ever, that they are not entirely incorrect, these speculations taken together 
with the finding of Adrian & Moruzzi, might lead to the expectation that a 
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voluntary movement would be timed in relation to the alpha phase. For it 
might be supposed that pyramidal impulses coming in bursts of 10 per sec. 


would summate with impulses from elsewhere, with the result that there would 


be a maximal likelihood that those spinal centres involved in the voluntary 
movement would fire off in phase with the alpha rhythm. In this connexion it 
may be recalled that Hoffman & Stunghold (1927) have presented evidence 


) Siggesting that spinal centres subserving the stretch reflex in man fluctuate in 
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Mg. 13. Consecutive groups of ten cortical responses to median nerve stimulation to show pro- 


gressive changes in the shape of the wave which would be obliterated on superimposing the 
thirty records. 


excitability at a frequency of 10 cyc./sec. It remains to be demonstrated, 


however, not only that this fluctuation is correlated with the alpha rhythm, 
but if so, how. For it is worth noting in view of Adrian & Moruzzi’s speculation, 
~ that the onset of alpha activity in the conscious human subject is not sub- 


jectively accompanied by an increase in muscle tone; if anything, the reverse. 
This last impression, if true, might admit the notion that the effect of these 
pyramidal impulses on the musculature is inhibitory rather than excitatory. 


There is nothing in the present data to contradict this. A tendency not to make 
movement at a point in time in relation to the alpha phase might give the 
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same appearance in the records as a tendency to make a movement. For the 
present, the attempt to settle this point by indirect methods requires too many 
assumptions about conduction velocity to be decisive. 

There are, however, some difficulties in the identification of the present 
finding with existing data in the ways suggested above. In the first place 
Jasper & Penfield (1949), reporting observations on the exposed human cortex, 
have failed to record 10 cyc./sec. activity when using bi-polar recording with 
both leads on the pre-central gyrus. They recorded instead a 25 cyc./sec. (beta) 
activity from these electrodes, although they could demonstrate simultaneously 
10 cyc./sec. activity from electrodes placed elsewhere on the cortex. This 
confirms a previous finding on the intact skull reported by Jasper & Andrews 
(1938). If, therefore, one accepts that, under the conditions of the experiments 
here reported, there was no 10 cyc./sec. activity in the precentral gyrus, it is 
necessary to conclude that the recorded activity with which the movement was 
synchronized originated beneath the electrode over the parieto-occipital region ; 
and inspection of the records suggests that this was in general so. If it happened 
that the beta rhythm ran at exactly double the frequency of the alpha rhythm, 
it might be suggested that the movement was, in fact, synchronized to a beta 
rhythm, but Jasper & Andrews are emphatic that the two rhythms are not 
simply related. 

The difficulty raised by Jasper & Penfield’s observation might be overcome 
by recalling that Lassek & Rasmussen (1939) have shown that in man not more 
than 3% of the pyramidal fibres arise from the large Betz cells in the motor 
cortex. This small proportion contains the fibres of largest diameter, but it 
nevertheless appears probable that a large proportion of pyramidal fibres arise 
from small pyramidal cells in the post-central regions—regions from which 
Jasper & Penfield record ample alpha activity. This, if true, might be sufficient 
to reconcile the present findings with the other data in the way suggested. One 
hesitates to accept this interpretation unreservedly however, since Adrian & 
Moruzzi were particular to state that ‘it is only the waves from the motor area 
which show precise agreement with the medullary discharge’. 

In discussions of the basis of skilled movement, there is one aspect which 
tends to be overlooked. It is that the essential attribute of skill in a movement 
may reside in the ability to relax a muscle group, rather than the ability to 
activate it. An example of a skilled movement in this category is the ability to 
shake down a clinical thermometer, success in which requires a relaxation of 
muscles acting on the wrist. This suggested that it would be interesting to 
determine whether the instant of voluntary relaxation of a muscle group was 
also timed with respect to the alpha rhythm. Some experiments were begun 
to examine this, but unfortunately in no case was the instant of relaxation as 
judged by the electromyogram sufficiently clear cut to provide a reference point 
for the photographic superimposition. | 
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Finally, any complete explanation of the findings should cover the situation 
when movements were initiated without any reference to the alpha phase, 


although alpha activity was clearly present. In this connexion, it is possible 


that with the present method of recording a shift in the focus of the alpha 
activity as described by Adrian & Yamagiwa (1935) would be sufficient to 
account for the discrepancy if such a shift occurred during the course of one 
experiment. It is not obvious at the moment how to attribute biological useful- 
ness to this mechanism, but if muscular activity is capable of potentiation 10 
times per sec. by the alpha wave, it is curious that suppression of the alpha 
activity should occur through visual preoccupation, i.e. in environmental 
situations in which rapid muscular activity may be crucial. 

The slow potential changes observed in the e.e.g. accompanying the hand 
movement are considered to represent most probably the arrival of afferent 
impulses at the cortex. The reason for this belief is that no potential changes 
are observed until at least 20 msec. after the beginning of the electromyogram 
(see Figs. 10 and 11) and this interval is consistent with an estimate of the 
peripheral delay time based on a conduction velocity of 50 m./sec. It is also 
noteworthy that this delay is the same in voluntary movements and in in- 
voluntary movements produced by nerve stimulation. Potential c in 
the somatic receiving area of the exposed cortex have been demonstrated by 
Marshall, Woolsey & Bard (1941) in the anaesthetized and unanaesthetized cat 
and monkey, following a touch on the skin; by Marshall & Earl Walker (1949) 
on the unanaesthetized human cortex following a light touch on the finger. 
They have also been recorded by Dawson (1947 a) in man from the scalp when 
maximal stimuli were applied to either the median, ulnar, or lateral popliteal 
nerves. Under these various conditions the typical record showed a small and 
short positive disturbance, followed by a larger and more widespread negative 
disturbance. In the present experiments, the most conspicuous potential change 
over the region of the central sulcus has been a negative one. It has been pre- 
ceded by a positive disturbance only when the potential has been particularly 
well marked, for example with the electrical stimulus on the contralateral side 
(Fig. 10). When account is taken of the errors in localization, and of the tech- 
nical inadequacies in the e.e.g. with pen recording, and of the fact that sub- 
maximal stimuli were invariably used, this discrepancy is not serious. 

It would be an oversimplification of the situation to picture the cortical 
Tesponse as some consistent wave-form superimposed on unrelated random 
activity. There is a suggestion that significant variations in the wave-form of 
the cortical response may vary from one response to the next. This was also 
found by Marshall et al. on the unanaesthetized monkey (1941, fig. 7). Dawson 
(1950) has also noted that when a sequence of individual cortical responses 1s 


examined, there is a tendency for particular characteristics in their outline to 
_ be grouped together rather than to be scattered irregularly throughout the 
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sequence. This variability may be due to summation at a cortical level, but 
since the cortical response is itself consequent on a thalamic relay, the summa- 
tion may be occurring subcortically. Whatever the explanation, evidence that 
this type of variability was occurring in the present experiments is presented 
in Fig. 13. On this particular occasion, the subject reported that he was getting 
more drowsy as the experiment proceeded. This may be related, but it would 
require more careful control to be certain that no significant variability was 
present at the site of stimulation. 

It is noteworthy that no disturbance of potential from this region has been 
recorded before the onset of muscle activity, and it is interesting that Jasper & 
Penfield (1949) using the more refined technique of direct cortical recording in 
an otherwise similar experimental situation, have also failed to find any clear 
change in the electrical activity of the precentral region preceding the move- 
ment. They have found instead, on hand movement, a suppression of the beta 
waves in a way which, they point out, is strongly reminiscent of the suppression 
of alpha activity on directing the attention visually. There is thus still not even 
suggestive evidence of localized activity in large pyramidal cells in the pre- 
central gyrus preceding the onset of a voluntary movement. The technique now 
described gives an appreciable gain in sensitivity over previous methods, but 
if a technique is required which will detect from the scalp surface a single 
discharge from a single pyramidal cell, the gain in sensitivity will have to be of 
an entirely different order. 

SUMMARY 

1. The electroencephalogram (e.e.g.) has been recorded accompanying 
voluntary muscular movement in five healthy subjects. 

2. A technique is described by which the sensitivity of the e.e.g. to systema- 
tic changes in potential is appreciably increased. This technique would also 
permit the recording of cortical potentials preceding a movement with which 
they were associated, even though the subject was left to choose the instant 
of movement. 

3. It has been found that when alpha activity is present, there is a significant 
tendency for the instant of movement, as judged by the onset of activity in the 
electromyogram, to be related to the phase of the alpha rhythm. This finding 
may be consistent with others which suggest that impulses in the pyramidal 
tract affect the tone of skeletal muscle. 

4. It has also been possible to record 20-40 msec. after the onset of the 
electromyogram, a small potential change in the region of the contralateral 
central sulcus. It is likely that this represents the arrival of afferent impulses 
from the periphery. 

5. On no occasion has this technique revealed any potential change in the 
cortex preceding the onset of voluntary movement. 

I wish to thank Dr E. A. Carmichael and Dr G. D. Dawson for encouragement and criticism. 
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In 1949 Barklay, Haas, Huggett, King & Rowley recorded the fructose and 
non-fructose reducing substances in the amniotic and allantoic fluids and the 
blood of the sheep foetus. This paper records experiments designed to ascertain 
the origin of the blood fructose of the foetal sheep. In the 1949 paper 
Barklay et al. recorded the literature. To the points given there it is worth 
adding that Bacon & Bell’s (1948) isolation and identification of the Seliwanoff- 
positive ketose as D-fructose was accompanied by proof that the only reducing 
sugars in the foetal blood were p- glucose and D-fructose. On the other hand, 
Karvonen (1949a) has shown, using Cole’s method (1948), that human cord 
blood contains no fructose, a result at variance with that of Orr (1924). 

In 1949 Hitchcock, in-a paper marked by pronounced technical accuracy, 
recorded the levels of fructose and glucose in the foetal and maternal bloods of 
sheep in the second half of gestation, together with their distribution between 
corpuscles and plasma. He confirmed more definitely the findings of Barklay et al. 
(1949) that the fructose of the foetal blood has its highest values in early 
pregnancy and tends to fall as intrauterine growth proceeds. In addition, he 
found that glucose traversed the placenta from the mother to the foetus, and 
he regarded the maternal loss and foetal gain as equivalent. 

The fructose problem can be posed in the form of three questions. (i) What is 
the site of the formation of fructose? (ii) What substance gives rise to fructose? 
(iii) What is its role in the foetus? 

The experiments in this paper were designed to obtain answers to the first 
two questions. 

The relation between the maternal and foetal blood sugars is of primary 


* Formerly N. V. Winterton. 
+ A preliminary note appeared in Nature (Huggett, Warren & Winterton 1949a) and a communi- 
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importance. All evidence, both experimental and clinical (diabetes), goes to 
show that high maternal blood sugars are accompanied by high foetal blood 
sugars. Indeed, Passmore & Schlossmann (1938) found that, on injecting 
glucose into the maternal circulation of goats and sheep, the foetal blood sugar 
rose to higher levels than the maternal blood sugar. In all their experiments 
the blood sugar was estimated as glucose. The possibility existed that the 
apparent excess of foetal glucose over maternal glucose might be due to fructose 
being formed which was falsely estimated as glucose, the true foetal glucose 
being actually less than the maternal glucose. In the experiments of this paper 
the foetal blood glucose and fructose have been determined simultaneously, 
and they start from the repetition of Passmore & Schlossmann’s work on the 
intra venous injection of glucose into the maternal circulation. 


METHODS 


These were tially the same as describ din Barklay etal, (1949), Welsh ewes of known conceptual 
date were received in the laboratory 1 or 2 days before the experiment, during which period they 
were fed on a diet of hay and greenstuffs and allowed unlimited water. The most important 
difference was that, since the operations lasted 0 

more than an hour, the spinal anaesthetic was 450 
supplemented by twilight sleep’, which was in- 
duced by intravenous pentothal solution, 2-3 ml., 

the indications being variations in muscle tone. It 400~ 
was given slowly in dosage to induce muscular 
relaxation and could be repeated as often as re- 350- 
quired throughout the day. Its repeated injection 
never caused any alterations of the blood-sugar 
level or of the course of the blood-sugar curve. 
This is well shown in Figs. 2, 4 and 5. 

Blood samples. Maternal blood samples were 80 
obtained in all cases from a cannula in the dorsalis 
pedis artery. Most of the experiments necessitated 200- 
repeated sampling of maternal blood and the 
danger of clotting in the cannula was avoided by 150 
a liberal use of heparin when samples were taken. 
Foetal blood samples were taken from one of the N 
four vessels in the umbilical cord. Usually the 100 
veins containing oxygenated blood were used. The p 
blood was takén with a dry heparinized syringe 50 | 
and fine needle, and during the exposure and 
puncture of the vessel the cord was sprayed with 


formol-saline to prevent vasoconstriction. 0 
* 1 
Deproteinization. Blood samples were deprotein- 20 0 0 10 120 
ized with zinc hydroxide according to Somogyi’s | 


procedure (Somogyi, 1987). Whole blood (0-5 ml.) Fig. I. Sheep no. 207. Pregnant. Foetal age 
Was run slowly from a pipette into distilled water 90 days. Glucose (1 g./kg. maternal weight) 
(7-5 ml.) and mixed. When haemolysis was com- f ted intravenously into the mother (20% 
plete (usually within a few sec.) 0-3. sodium solution). @——@, maternal T.R.S. (glu- 
hydroxide (1-0 ml.) and 5% (w/v) zinc sulphate cose); x —— x, foetal glucose; x --- x, 
(1-0 mi.) were added successively and the mixtures foetal fructose. 
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thoroughly mixed and filtered through paper. Estimations of total reducing substances (T. R. S.) 
and of fructose were carried out on aliquots of the same blood filtrate. 

Total reducing substances (T. R. S.). The total reducing substances were estimated by Nelsons 
(1944) modification of Somogyi’s method. In work during the first season (series 201-99), the 
carbonate-bicarbonate copper solution (Somogyi, 1937; Nelson, 1944) was used. In the second 
season (series 301-99), a copper reagent buffered with phosphate (Somogyi, 1945) was employed. 
No essential difference was found between the two 

Fructose. Fructose was estimated by Cole’s modification of the Seliwanoff reaction as described 
by Bacon & Bell (1948). 

Glucose. Glucose values were obtained by subtracting the fructose values from the total reducing 
substances. (For a discussion of the validity of this procedure cf. Bacon & Bell, 1948; Hitchoock, 
1949.) 

RESULTS 
The results described in this paper were obtained on two groups of sheep 


operated upon in the winters of 1947-8 and 1948-9 (series 2 and 3 respectively). 


Normal blood sugars in wntreated ewes and foetuses 

Foetuses of varying ages were used for the experiments (60-145 days), and 
in most cases initial blood-sugar determinations were carried out on the ewe 
and on the foetus while the animals were immersed in the saline bath, but 
before any further experimental procedure had been carried out. The blood- 
sugar values obtained during these control periods are summarized in Table 1. 

Fructose is almost absent in the maternal circulation, so that the values 
shown under T. R. S. are essentially glucose. The level of maternal glucose is 
below that of the foetal T.R.S., although above that of the foetal glucose in 
almost all cases. Fructose is present in the foetal blood in higher concentrations 
than glucose. In the foetal blood the levels of glucose, fructose, and T.R.S. vary 
from foetus to foetus. Glucose levels show no general trend with foetal age, 
but the fructose concentration tends to be lower in the second half of gestation 
(Table 2). 

On two occasions estimations of fructose were made on two lambs for a short 
period after birth. The exact time of birth of the first lamb was not known but, 
at a time which was certainly less than 24 hr. after birth, its blood fructose was 
5 mg.%. The second lamb had 46 mg. % of fructose in its blood 30 min. after 
birth, and this had fallen to 5 mg. % at the 21st hr. of extrauterine life. 

It will be seen from Table 1 that, apart from sheep no. 202, no high glucose 
values were obtained in the maternal T.R.S. Repeated determinations were 
made at regular intervals during the induction and maintenance of the spinal 
or spinal plus pentothal anaesthesia in several sheep, and our experience 
confirms that of Hitchcock (1949); maternal movement may elevate the blood 
sugar but we ascertained to our satisfaction that reasonable care in handling 
before the spinal anaesthetic with calmness and confidence of procedure and 
without excitement (in the sheep, in the operating surgeon, and in the assistants) 


achieved results equivalent to those obtained with intravenous medication. 
This is shown in Table 3. 


I 1 * 


Foetal sugars 
Foetal age T. R. 8. T. R.. Glucose Fructose 
Sheep no. (days) (ng. 90) (mg.%) (mg. % (mg. 9% 

8 222 60 48 106 17 89 
N 208 70 (T) 2 125 28 95 
10 217 71 56 117 19 98 
d 216 80 (T) 35 58 12 46 
i. 216 2 38 36 3 33 
202 80 122 264 138 126 
218 90 (T) 50 158 67 91 
d 207 90 42 135 0 135 
393 90 43 13³ 40 93 
3 223 90 53 208 31 177 
362 90 53 185 43 142 
. 389 95 62 164 27 137 
359 97 33 155 13 142 
364 97 39 108 15 88 
205 100 (T) 47 125 48 77 
p 205 100 (T) 46 153 54 99 
g 209 1 49 79 15 64 
| 208 104 (T) 42 31 63 
| 229 110 40 110 31 79 
' 366 113 (T) 54 90 5 85 
j 238 133 50 130 31 99 
215 121 29 98 74 
eC 230 125 (T) 61 61 16 45 
t 386 12⁵ 40 104 20 84 
227 129 60 80 13 67 
- 373 133 (T) 23 81 26 55 
224 135 (T) 43 59 22 37 
| 224 135 (T) 43 104 40 64 
>. 3 240 138 71 102 24 78 
i 214 140 42 86 15 71 
382 142 48 9⁵ 18 77 
1 213 144 ‘st 106 44 62 
367 144 44 98 32 66 
; 398 145 44 63 11 52 
, 369 145 (T) 32 44 0 38 
369 145 (T) 32 65 15 50 


, | (T), indicates that the foetus was one of twins. 
| ; Tax 2. Blood sugars in foetuses in middle and late pregnancy 


Foetal age No. of Fructose Glucose 

(days) foetuses (mg: ml.) (ung. mi.) 
60-100 16 100 27 
101-145 19 66 22 


' Mean maternal glucose 10-145 days =45 mg./ml. | 
Note: In calculating the mean fructose and glucose values for foetal blood shown in the Table, 
date for sheep no. 202 have been excluded owing to the exceptionally high maternal glucose. 


— 


4 Tax 3, spinal anaesthesia with repeated determinations 


of the maternal T.R.S. 
Glucose Fructose 
| Foetal Maternal TR. S. Umbv. Umbs. Umbv. Umb.a. 
| | Sheep no. (days) (mg.%) (mg.) (mg. % (mg. % (ng. 90) 
| 202 80 79, 100, 101, 91, 138 128 126 122 
138, 155, 122 
12 — 
| 216 80 (T) 62, 53, 35, 38 1050 : — — 
1 67 (F 46 91 91 
48 15 20 77 74 
foetus no. 1. Umb. v., blood of umbilical vein. 
Umb. a., blood of umbilical artery. 


(T), twins. 


1 1. Maternal and foetal blood sugars during control period before experimental alteration 


262 A. ST G. HUGGETT, F. L. WARREN AND N. V. WARREN 


Effect of intravenous glucose 

Into the maternal circulation. In order to determine whether change of 
glucose contents of the maternal and foetal blood would alter the sugar 
concentrations in the foetal blood, the following experiments were carried out. 

Glucose solution (20% w/v in water at 37° C.) was injected at constant rate 
into the dorsalis pedis vein of the ewe during the course of several minutes. 
Control specimens of blood were taken from the ewe and from the foetus before 
the injection, and samples were withdrawn at frequent intervals for several 
hours after injection. Fig. 1 shows a typical result when the amount of glucose 
administered to the ewe was 1 g./kg. body weight, and Fig. 2 illustrates a similar 


Fig. 2. Sheep no. 238. Pregnant. Foetal age 115 days. Glucose injected intravenously into the 
mother. 2g./kg. maternal body weight (20% solution =10 C. 0. Kg.). @——®, maternal 
T. R. S. (glucose); x, foetal glucose; x --- x, foetal fructose. 


experiment when the dose of glucose injected into the maternal circulation was 
2 g./kg. Both figures show the same general characteristics. There is an 
immediate rapid rise of glucose in the maternal circulation which is followed 
by a slower fall to the normal level in 3-4 hr. The curve, in fact, resembles the 
glucose tolerance curve of a normal non-pregnant ewe. This can be seen by 
inspecting Fig. 3 which is a control tolerance curve for a non-pregnant ewe 
given 2 g./kg. glucose intravenously. | 

In the foetal circulation too, the glucose content increases rapidly although 
the peak value is reached only after the maternal blood sugar has begun to 
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decrease. The slope of the descending part of the curve is similar to that of the 
maternal curves and the return to the initial values occurs in 3-4 hr. From 
Figs. 1 and 2 it will be seen that as soon as additional glucose reaches the foetal 
circulation the fructose begins to rise and continues to do so steadily until the 
glucose content of the foetal blood has fallen to its original value. In all cases 
the ascending fructose curve crossed the descending glucose curve. 

As a control, saline equal in volume to the glucose solution was injected 
intravenously into the ewe. In this experiment there was no rise in the fructose 
content of the foetal blood (Fig. 4). 


40 
20- 
-20 © 120 180 240 300-30. 409 20 40 % 80 100 120 
Injection Injection, 
Fig. 3. Fig. 4. 


Fig. 3. Sheep no. 201. Non-pregnant. Glucose injected intravenously into ewe yields a control 
tolerance curve. 2 g./kg. body weight (20% glucose solution = 10 c.c./kg.). @——®@, blood 
glucose (T. R. S.). 

Fig. 4. Sheep no, 209. Pregnant. Foetal age 110 days. Saline (0 · 9 0% NaCl) injected intravenously 
into ewe as control. 5 C. c. saline/kg. body weight. @———-@, maternal glucose; x --- x, 
foetal glucose; x --- x, foetal fructose. 


Glucose into the foetal circulation. When glucose is injected into the umbilical 
Vein it causes a foetal hyperglycaemia followed by a long, slowly rising foetal 
hyperfructosaemia similar to that observed after the injection of glucose into the 
maternal circulation. This is shown in Fig. 5 (sheep no. 223). 

The amount of fructose formed in such experiments appears to depend on 
the amount of glucose available in the foetal circulation and also, possibly, on 
the age of the foetus; the younger the foetus the greater the slope of the fructose 
curve appears to be at the same glucose level. This latter conclusion seems to be 
borne out by the data from ten similar experiments assembled in Table 4. For 
comparative purposes, the rise in fructose in the foetal blood during the first 
hour has been divided by the peak glucose value achieved after injection of the 
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glucose. This method compensates, to some extent, for the effect of differing 
levels of glucose in the ten animals. Inspection of the figures in the last column 
of Table 4 shows that there is apparently a slight downward trend in the rate 
of fructose formation at equivalent glucose levels with increasing length of 


gestation. 


0 
400- 
300 - 
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Injection 
Fig. 5. Sheep no. 223. Pregnant. Foetal age approx. 90-95 days. Glucose injected intravenously 
into umbilical vein, 1-0 g. Kg. foetal body weight, 25 C. o. of 2% glucose solution. @——®@, 
maternal glucose; x x, foetal glucose; x —--- x, foetal fructose; © --- ©, foetal 


haemoglobin, g./ 100 0. o. blood. 
Tax 4. Relation between foetal age and rate of fractose formation 
Rate of fructose 
— — rise. — in 
Sheep no. (days) mee (mg. 90) glucose (peak) 
207 90 120 30 0-25 
208 104 180 46 0-26 
229 110 194 40 0-21 
238 115 166 30 0-18 
230 125 180 30 0-17 
227 129 150 22 0-15 
373 133 170 26 0-15 
224 135 120 21 0-17 
382 142 117 26 0-22 
367 144 115 16 0-14 
Site of the formation of fructose 


The fact that fructose disappears very rapidly from the blood of lambs after 
birth (cf. results on the two lambs mentioned above and Cole & Hitchcock, 
1946), and that no fructose has been demonstrated in the foetal liver (Paton, 
Watson & Kerr, 1907), suggested that the placenta might be the site of forma- 
tion of fructose, and that glucose might be converted into fructose in this tissue. 
In order to test this hypothesis, four types of experiment were carried out. 

Experiment with twin foetuses. A pregnant ewe (no. 224) bearing twin foetuses 
135 days of age became available. Since sheep foetuses of this age are viable, it 
was possible on this occasion to study the effect of glucose administration both 
in an intact foetus (still attached to the placenta) and in a similar foetus 
detached from its placenta and living an independent existence. 
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Glucose (5 g.) was injected into the circulation of each foetus through the 
umbilical veins. One foetus had been fitted with a carotid cannula previous to 
cutting the umbilical cord and, immediately after the glucose had been injected, 
the cord of this foetus was tied and severed. The detached foetus began to 
breathe after a few minutes. The other foetus was left attached by its cord to 
the placenta. The blood sugars of both foetuses were observed for a period of 
5 hr., specimens being drawn from the carotid cannula of the detached foetus 
and from the umbilical cord vessels of the attached animal. During this period 
the detached animal breathed regularly and its blood was well oxygenated. 


5 


15 ‘ 
0 


Injection 
Fig. 6. Sheep no. 224. Pregnant. Foetal age 135 days. Glucose injected intravenously into twin 
foetuses, A and B. A left attached, B then detached. Dose of glucose 5-0g. in each 


case =2-0 g./kg. @——@, maternal glucose; x x, foetus A (attached) blood glucose; 
* x, foetus A (attached) blood fructose; [) Ci, foetus B (detached) blood glucose; 
, foetus B (detached) blood fructose; O ©, foetus A haemoglobin, g./100 c.c. 
blood; - . foetus B haemoglobin, g./100 c. o. blood. 


In the attached animal the usual result was found, namely, that the increased 
glucose concentration in the blood resulted in a slow prolonged fructose rise 
which continued until the glucose reverted to its initial level (Fig. 6). Since 
some of the glucose passed across the placenta into maternal circulation, the 
glucose in the foetal circulation fell rapidly, and this, together with the fact 
that the foetus was of a late age (135 days), probably explains why the fructose 
did not reach a higher level. In the detached animal the glucose level was 
maintained for a much longer period, but in spite of this, the fructose concen- 
tration fell steadily. 

Experiments on . foetuses. Essentially the same result was obtained 
if glucose was injected into a singleton foetus, which was then detached (sheep 
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no. 213, Fig. 7). After the glucose injection the glucose rose but the foetal 
blood fructose declined. This contrasts with sheep no. 223 (Fig. 5) where the 
foetus remained attached and the fructose rose. 

Placental perfusion. In these experiments glucose was given to the mother 
intravenously after glucose peaks had appeared in both mother and foetus. 
Approximately 1 hr. after injection of the glucose the umbilical cord was cut 
and the placenta attached to a perfusion pump, and the glucose and fructose 
levels were followed in the placental circulation and in the circulation of the 
detached foetus. The foetus being viable was able to lead an independent 
existence in the bath, inspiring air with its nose above the saline. 


t 
40 300 
Injection of glucose 


Fig. 7. Sheep no. 213. Pregnant. Foetal age 144 days. Glucose (2-5 g./kg.) injected intravenously 
into the umbilical vein, umbilical cord cut and foetus detached. I, detached foetus, 
blood glucose; I, detached foetus, blood fructose. 


In sheep no. 240, foetal age 138 days (Fig. 8), the perfusion was with normal 
saline after maternal glucose injection. It lasted 45 min. and then stopped 
because of oedema of the placenta, resulting in placental inflow without 
placental effluent. The mother lived but no further samples were taken. 

The foetal glucose and fructose levels after detachment both showed a definite 
fall with later parallel variation, including a long delayed rise and fall, causation 
of which is unknown but suggestive of variations in haemoconcentration. In 
other words, the detached foetus showed no fructosaemia despite adequate 
supplies of glucose, judging by earlier results reported in this paper. 

The placenta-pump circulation, however, showed an ascending placental 
fructose level typical of the usual type of fructose curve with the accompanying 
fall in glucose. At the point, however, where the curves are due to cross, the 
placental oedema caused the circulation to stop. Nevertheless, the divergence 
of the fructose curve in the placental and foetal circulations shows that the 
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presence of the extra glucose enables the placenta to form fructose, whereas the 
foetus apparently has not this power. 

Sheep no. 369, foetal age 145 days (Fig. 9), had its placenta perfused with 
heparinized plasma instead of saline. This replacement was an endeavour to 
prevent oedema and was made on the suggestion of Sir Henry Dale, to whom 
we are indebted. The stock of heparinized plasma was obtained by a special 
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Fig. 8. Sheep no. 240. Pregnant. Foetal age 138 days. Glucose (2-0 g. /kg.) injected intravenously 
into mother, umbilical cord then cut, foetus detached and placenta perfused with maternal 
blood. @——@, maternal glucose; „, foetal glucose, before and after section of the 
umbilical cord; x --- x, foetal fructose, before and after section of the umbilical cord; 
OO, placental circulation glucose after cord section and while perfusing; S © 
placental circulation fructose after cord section and while perfusing. 


bleeding of a non-pregnant ewe. Sheep no. 369 had twins, one in each uterine 
horn, designated R and L respectively. Cannulae were inserted for foetal blood 
collection into the left carotid arteries of each foetus. 

Injection of 100 g. glucose (2 g./kg.) into the ewe gave a peak value of 
1130 mg./ 100 Cc. c. Half-an-hour later the glucose in both foetuses had risen to 
peak values and the fructose had begun to rise. Both foetuses were detached 
and, being viable, breathed air normally. Blood was removed by the carotid 
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cannulae at regular intervals. The glucose and fructose values both fell as in 
foetus of sheep no. 224 (Fig. 6). 

The attached placenta R was connected to the perfusion pump and plasma 
was perfused through the umbilical artery and back. The total circulation 
volume was about 500 ml., the rate of flow of plasma was 100 ml./min. at 
40 mm. Hg pressure. This plasma contained 57 mg. glucose/100 ml. and no 
fructose. The mixed placental blood and perfusing plasma 13 min. later had 
80 mg. glucose and 15 mg. fructose/100 ml. of mixture. The glucose of the 
attached placenta R crept up to 146 mg., considerably exceeding the glucose 


Fig. 9. Sheep no. 369. Pregnant. Foetal age 145 days. Twins, FR and FL. Glucose injected 
intravenously into the mother. Umbilical cord of FR cut and placenta PR perfused with 
heparinized plasma from ewe no. 385 containing glucose 57 mg./100 c.c. and fructose zero 
per cent. Sugars estimated in blood of detached foetus FR and of perfused placenta PR. 
Foetus FL left intact. @——@, maternal blood glucose; x x, foetus FR blood glucose 
before detachment; x „, foetus FR blood fructose; before detachment; U, 
foetus FR blood glucose after detachment; IJ, foetus FR blood fructose after detach- 
ment; O O, placental perfusate glucose ; G O, placental perfusate fructose; A, initial 
glucose value (57 mg.%) of perfusing plasma; A, initial fructose value (0 mg.%) of perfusing 


of its detached foetus. This level was maintained until the maternal glucose fell 
to this level and then both fell coincidently after 3 hr. of perfusion ending in 
placental oedema. Using plasma instead of saline had, therefore, delayed the 
oedema 3 hr. and given a successful perfusion over this period. The fructose at 
15 mg./100 ml. in the mixed blood and perfusion fluid rose, showing the expected 
recovery, and even cut the downward-falling fructose curve of its detached 
foetus. The blood sugars of the second foetus L, which was also detached, had 
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practically identical curves with those of detached foetus R, both in regard to 
glucose and fructose. 

It would appear, therefore, that fructose appears in the portion (placental) of 
the umbilical circulation which is attached to the placenta and that it fails to 
appear in the portion detached, even though its blood passes through the foetus. 

Fructose in blood of umbilical vein and umbilical artery. On a number of 
occasions simultaneous samples of blood were drawn from the umbilical vein 
and umbilical artery respectively. The fructose contents of these samples were 
estimated and the data examined to see whether the vein or the artery blood 
usually contained the high concentration. (It is important to note that the 
blood of the umbilical vein is oxygenated, that is, it is anatomically venous but 
physiologically arterial in terms of gas contents. Similarly, with the blood of 
the umbilical artery, it is reduced blood entering the placenta.) If the placenta 
is the site of formation of fructose, a higher concentration of this sugar might 
be expected in the blood of the umbilical vein than in that of the umbilical 
artery. Simultaneous determinations were made on thirty-two occasions in 
a series of different sheep and the values obtained are shown in Table 5. 


Tax 5. Fructose content of bloods of umbilical vein placenta 


U. v. U. A. V-A U. v. U. A. VA U. v. U. A. V-A 
(ng. % (mg. % (mg. %) (mg. %) (mg. %) (mg-%) (mg.%) (mg. % (mg.%) 
95 97 —2 233 223 10 172 168 4 
46 47 ==} 17 14 3 180 174 3 
33 30 3 99 101 2 14 77 =f 
126 122 4 64 64 0 45 39 6 
91 91 0 79 74 5 49 47 2 
135 122 13 99 98 1 53 57 — 
177 170 7 63 61 2 72 15 8 
175 166 9 67 66 1 104 105 — 
174 168 6 83 81 2 117 110 7 
192 196 —4 100 109 2 67 57 10 
219 224 —5 145 145 0 — — — 


Note. Figures shown in column V-A are differences between fructose contents of blood entering 
and leaving the placenta. 


These estimations of fructose in the umbilical vein and the umbilical artery 
blood showed that the fructose content of the former was higher than that of 
the latter by an average amount of 2-3 mg./ml. blood. The mean fructose 
content of the blood was 109 mg./ml., hence fructose in the oxygenated blood 
was approximately 2% higher than in reduced blood. This agrees with expecta- 
tions if the placenta is the site of fructose formation, the actual difference found 
being statistically significant. 

The experiments that have been described and illustrated above show that 
the placenta is the site of formation of fructose in the foetal sheep, and indicate 
that the foetus itself is unable to carry out the conversion of glucose into 
fructose, 
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Permeability of the placenta to sugars 
From mother to foetus. The earliest experiment on placental permeability to 
sugars was at the 90th day (sheep no. 207, Fig. 1). From then onwards, the 
placenta appears to be permeable to glucose from the mother to the foetus. 
When, however, fructose was injected into the mother (2 g./kg.) there was 
a striking contrast (sheep no. 393, foetal age, 90 days; Fig. 10). The blood 
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Fig. 10. Sheep no. 393. Pregnant. Foetal age 90 days. Fructose 2 g./kg. maternal body weight 
injected intravenously into the mother. @——@, maternal blood glucose; @--- 0. 


maternal blood fructose; & x, foetal blood fructose; x —— x, foetal blood glucose. 


fructose curve of the mother had the same general shape as the maternal 
glucose tolerance curve. But the foetal blood fructose did not rise sharply as 
did the foetal glucose curve following glucose injection into the mother. Instead, 
there was a long, slow rise of foetal fructose over several hours until the 
fructose had disappeared from the maternal circulation. In this experiment it 
had not begun to fall slowly after 3 hr. In both animals there was a transient 
rise of glucose in maternal blood which, in one sheep (no. 393, Fig. 10), was 
mirrored in the foetal blood. 

The results suggest that the mechanism by which fructose injected in high 
concentrations in the mother, is transferred from the mother to the foetus, 
differs from that involved in the transfer of glucose under similar circumstances, 
being slower and longer lasting. 


Passage of sugars from foetus to mother. When glucose was injected into the 
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foetal circulation (sheep no. 223, Fig. 5, and sheep no. 224, Fig. 6) there was 
always a small but transient immediate rise in the maternal glucose indicating 
that glucose can probably also pass across the placenta from the foetus to the 
ewe. 

The difference in relative permeability of the placenta to glucose and fructose 
from the ewe to foetus, and the fact that fructose was never detected in signi- 
ficant amounts in the maternal blood, made it necessary to determine whether 
fructose could pass across the placenta from foetus to ewe. The results being 
almost entirely negative, the experiments for this purpose are summarized 
below. 


Sheep no. 214 (foetal age 140 days). Fructose (10 g.) was injected into the foetus through the 
umbilical vein. Foetal blood fructose rose to 770 mg./ml., followed by a gradual fall. After 5 hr. 
the fructose content was still well above the initial value. There was a small rise in the fructose 
level of the maternal blood of 2-3 mg./ml. coinciding with the foetal peak. 

Sheep no. 362 (foetal age 90 days). Fructose (2 g.) was injected intravenously into the foetus. 
No fructose was detected in the maternal blood. 

Sheep no. 389 ( foetal age 95 days). The foetus was given a continuous drip of 20% fructose until 
the blood concentration rose to approximately 3000 mg./100 ml. No fructose appeared in the 
maternal blood. 


Sheep no. 398 ( foetal age 145 days). Although no fructose could be detected in the maternal blood 
in the previous experiment when the concentration of this sugar on the foetal side was 3 g./100 ml. 
the possibility existed that the permeability of the placenta to fructose might vary with age and the 
experiment was repeated on the late foetus of 145 days. The fructose content of the foetal blood 
was raised to 500 mg./100 ml. by intravenous injection. In order to sample maternal blood from 
the neighbourhood of the uterine veins, a catheter was passed into the posterior vena cava through 
the dorsalis pedis vein.* No fructose was detected in this blood. 


Apart from the single high value for maternal fructose obtained in the first 
experiment mentioned above, the results indicate that fructose cannot pass 
across the placenta from foetus to ewe even when the concentration of fructose 
in the foetal blood is considerably in excess of physiological concentration. 
Such a conclusion appears to be valid even if due weight is given to the technical 
difficulties of detecting the passage of fructose (great dilution by maternal 
fluids and utilization by the ewe), since the passage of glucose is clearly 
demonstrated by the same experimental methods. 


DISCUSSION 


Of the three questions asked at the beginning of this paper, the first concerns 
the site of formation. The experiments reported in this paper show that fructose 
is made in the placenta and not in the foetus. This confirms the hypothesis of 
Cole & Hitchcock (1946) that the fructose originated from the placenta. The 
evidence for these statements rests on a number of facts. Fructose is formed 
from glucose whenever there is an experimental hyperglycaemia, whether in 
the mother or the foetus, so long as the blood traverses the placenta. Ifa viable 


9 The catheter was passed by Dr K. W. Cross to whom we are indebted. 
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foetus is cut off from the placenta, hyperglycaemia of the foetus does not lead 
to fructose formation. If the removed foetus is replaced by a pump, the 
circulation of hyperglycaemic blood through the placenta results in fructose 
production in the placental circulation. In addition, we have confirmed the 
finding of Cole & Hitchcock (1946) that fructose disappears within the first 
2-8 days after birth, i.e. after separation from the placenta. Karvonen (1949 b) 
ligated the umbilical cord in sheep’s placenta and found that in the stagnant 
placental blood a decrease in haemoglobin concentration occurred, but that the 
fructose concentration did not decrease proportionately, and in some cases even 
increased. This lends further support to the view that fructose is produced by 
the placenta. 

The second question concerns the chemical source of the fructose. The 
answer is that the foetal blood glucose is the precursor which, when it increases in 
concentration, causes a rise of foetal blood fructose. The blood must transfuse 
the placenta. We have not investigated possible intermediate stages, either in 
regard to hexose esters or enzymes, such as isomerase. 

The question whether the big bulk of hypertonic sugar solution which is 
injected causes a high dilution of the blood which is responsible for the changes 
in sugar level is answered by the results of experiments in which the blood 
haemoglobin was determined throughout the experiment. Such results are 
shown in Figs. 5 and 6 (sheep nos. 223 and 224). In sheep no. 224, glucose given 
to the twin foetuses causes no dilution in the blood of the attached foetus 
within 30 min. of injection of the glucose. The variations in blood-sugar con- 
centration are much wider than those of the haemoglobin concentrations and 
relatively independent of any blood dilution. The progressive changes in 
sugar values are not due to progressive changes in blood volume during the 
experiment. 

Comparison of sheep no. 207 at 90 days foetal age (Fig. 1) and sheep no. 238 
at 115 days (Fig, 2) shows that subsequent to the sharp rise of blood glucose 
there is a quicker fall in the older foetus. An intermediate result was obtained 
in a foetus of 104 days, and with older foetuses the falling curve was steeper. 
This suggests that the foetal glucose ‘tolerance’ increases from the 90th day 
onwards. There is no evidence to show whether this is due to utilization, storage, 
or excretion. Whether the term ‘tolerance’ is quite the right term to apply is 
open to discussion. In adult clinical physiology it means a measure of the 
algebraic sum of inflow on the one hand, and outflow, whether via the kidneys, 
liver, muscles or general cellular utilization. In the sheep foetus at least two 
other paths are clearly open, namely, utilization by the active placental tissues 
and backflow across the placenta in those cases where the foetal blood sugar 
experimentally exceeds the maternal blood sugar. That these are factors is seen 
by a comparison of the foetal blood glucose curves in the attached and detached 
foetuses of sheep no. 224 (Fig. 6). In this case the glucose curve of the separated 
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foetus falls much more slowly than that of the attached foetus, besides reaching 
a greater height initially. The curve of the detached foetus is probably the better 
index of the foetal glucose ‘tolerance’ at that age. In addition to the possible 
passage of glucose back across the placenta, the paper by Barklay et al. (1949) 
has shown that there are two places where both glucose and fructose can 
accumulate, namely, the allantoic and amniotic fluids. The former fluid, at 
a first approximation, is probably a renal excretory product but the source and 
mechanism of production of the amnioctic fluid is unknown. We have no evidence 
that either can be altered by foetal hyperglycaemia. Clearly, however, in 
discussing foetal sugar tolerance they must be taken into account. 

Our findings throw light on the anomalous results of Passmore & Schlossmann 
(1938). They found that glucose injection into the pregnant sheep caused foetal 


- hyperglycaemia and that the foetal blood sugar concentration exceeded that 


of the mother. It is now clear that this is due to fructose formation and that 
the foetal blood glucose never exceeds the maternal blood glucose, although 
the sum of foetal fructose plus glucose may do so. This formation of fructose in 
the foetus appears to proceed for some hours after the hyperglycaemia (glucose) 
peak values in the mother and foetus have settled to normal. The glucose and 
fructose elevations in the foetus are clearly due to entirely different processes. 
The fructose is produced solely by the placental tissue. (This confirms the 
tentative suggestion of Karvonen, 19496.) The formation of fructose from 
glucose correlates with the finding of Mann & Parsons (1950) that the fructose 
content of the semen is increased in diabetes and in experimental hyperglycaemia. 

Fructose or fructose esters are found as intermediate products in liver and 
muscle carbohydrate metabolism. Unlike glucose, however, fructose is not so 
far described as occurring free in body fluids other than the seminal fluid and 
foetal blood. The increase in free fructose in foetal blood following increase of 
concentration of glucose in the maternal or foetal blood requires a number of 
stages. First there is the entry of the glucose into the placenta, next the 
conversion of the glucose by placental cells into fructose, then the passage of 
the fructose into the bleod. This last would appear to be a slow process, for 
when fructose is injected into the maternal blood stream it appears slowly in 
the foetal blood stream, and shows the prolonged inflow typical of the conversion 
of glucose to fructose. On the other hand, the passage of glucose from the 
maternal to the foetal side of the placenta is always quick. Following glucose 
injection into the mother, the foetal blood glucose concentration peak is not 
delayed more than 3 hr.; it is not so great and returns to the base-line smoothly. 

The two sugars pass across the placenta by two different methods, the passage 
of glucose resulting in some fructose being formed. These clearly are cases not 
of simple physical diffusion but of complex reactions in which the placenta 


plays a specific part. 


Karvonen (19496) found the placenta more permeable to glucose than 
PH. CXIII. 18 
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fructose. We confirm this with the addition that glucose appears to pass across 
in both directions but fructose only from mother to foetus, and that the processes 
of transmission differ for each sugar. 

Finally, the generalization of Anselmino (1929) that biological materials 
which are non-electrolytes pass across by simple diffusion, provided their 
molecular weight is under 350, seems not to be wholly true for glucose. In the 
experiments we have been recounting, diffusion might explain the hyper- 
glycaemia of the foetus on elevating the mother’s blood glucose, but it fails to 
explain the apparent conversion of some of the glucose to fructose in the foetal 
blood. We are clearly moving from the position taken by Grosser (1927) 
in his classification of placentas, namely, that the presence or absence of 
physical diffusion depends upon the number of tissues intervening between the 
maternal and foetal blood streams. That classification has served as a useful 
working hypothesis. 

| SUMMARY 

1. Blood-sugar curves have been recorded following the intravenous injection 
of glucose and fructose into pregnant ewes and the foetus. 

2. Glucose injected into the maternal arterial system induces a sharp rapid 
rise in glucose in the foetal circulation which is followed by a prolonged rise of 
fructose in the foetal blood. When glucose is injected into the umbilical vessels 
it can be detected in increased amounts in the maternal circulation, and it is 
also followed by the prolonged foetal hyperfructosaemia, but no fructose 
appears in the maternal blood. 

3. This formation of fructose in the presence of excess of circulating glucose 
is due to placental activity because it only forms in foetal blood circulating 
through the placenta, e.g. perfusion, and ceases if detached from the placenta, 
e.g. transection of the umbilical cord in a viable foetus or after-birth. 

4. The placenta is permeable in both directions to glucose but only from the 
mother to the foetus in the case of fructose. 


5. The rate and time relations of the passage of fructose are slower and 
different from those of glucose. 

6. The experiments show that while possibly some glucose may pass across 
the placenta by a process of physical diffusion, there is, in addition, a chemical 
system within the placenta into which the glucose (whether maternal or foetal) 
enters with induced formation of fructose. 
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The rate of absorption of glucose, xylose and other sugars by adult rats was 
investigated by Cori (1925) and some of his conclusions may be summarized as 
follows: 

(a) The rate did not depend on the concentration of the solution or the volume 
given. 

(b) The rate was constant from the beginning until the end of absorption. 

(c) Each sugar had its characteristic rate. If the rate for glucose was given 
the value of 100, that for xylose was 15. 

Other workers have confirmed that the pentose is absorbed more slowly 
than the hexose (Wilbrandt & Lasst, 1933; Verzär, 1935; Westenbrink & Middle- 
beck, 1936; Westenbrink, 1936a; Davidson & Garry, 1939). Verz4r suggested 
that the glucose was preferentially absorbed by an active process which in- 
volved phosphorylation (Verzér & McDougall, 1936) but absorption of both 
glucose and xylose is hindered by monoiodoacetate (Wilbrandt & Laszt, 1933; 
Westenbrink, 19362). 

Cori’s results have not been well supported by later work. High absorption 
coefficients have been obtained by increasing the volume of solution adminis- 
tered (Donhoffer, 1935) or ingested (Mackay & Clark, 1941), and by making 
rats diabetic (Pauls & Drury, 1942). It has also been found that the rate varied 
during the absorption period (Pierce, Osgood & Polansky, 1929; Burget, 
Moore & Lloyd, 1932; Feyder & Pierce, 1935) and was not the same in all parts 
of the intestine (Westenbrink, 19365). 

The rate at which the stomach empties must affect the rate of intestinal 
absorption, and the relationship has been investigated by Macleod, Magee & 
Purves (1930), Pierce (1935), Fenton & Pierce (1940, 1944), Pierce, Haege & 
Fenton (1942) and by Fenton (1945). It has been established that there is a 
close connexion between gastric evacuation and intestinal absorption in the 
rat, and a similar relationship probably exists in man. If glucose solutions are 
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given to some subjects who have had a gastro-enterostomy the rise in blood 
sugar is more rapid in onset than in people who have normal pyloric function, 
and in one case reported by Evensen (1942) the obliteration of the gastro- 
enterostomy restored the glucose tolerance curve to the normal pattern. 
Confirmation was obtained by comparing the different rises of blood-sugar 
levels in normal people who were given the sugar solution by mouth and by 
duodenal intubation. 

It is probably the motility of the stomach which is chiefly responsible for 
its rate of evacuation, and this motility is inhibited in dogs by the presence of 
glucose in the duodenum (Quigley & Hallaran, 1932; Quigley & Phelps, 1934). 
A similar mechanism may operate in rats but there is no direct evidence either 
on this point or on the effect of xylose solutions on the motility of the stomach. 

All previous experiments have been carried out on adult animals. The present 
investigations were undertaken to compare the rate of absorption of glucose 
and xylose by adult and newborn rats. 


METHODS 


Hooded rats from the colony maintained by the Department were used for the experiments. The 
strain was originally derived from the Lister Institute and has inbred for many years. The adults 
were given the stock diet and were allowed to feed until a few hours before the experiments. Their 
stomachs were usually found to contain some hair and other indigestible residues, and sometimes 
a little food. Newborn rats were not allowed to suckle and were removed from their mothers as 
soon as possible after birth. During the experimental period the adult rats were kept at laboratory 
temperatures in cages with wire-meshed bottoms. No food or water was allowed. The temperature 
regulation of newborn rats is poorly developed and they were therefore kept in an incubator at 
37° C. The rats were given 2-66 M solutions of glucose (48%) or xylose (40%) by stomach tube. 
The adults were intubated with a No. 3 soft rubber catheter attached to a syringe. For the newborn 
animals polyvinyl chloride insulating sleeving, 2 mm. in external diameter, was drawn out after 
careful heating over a small Bunsen flame. This gave a thin, pliable tube which was mounted on 
a needle attached to a glass 0-5 ml. tuberculin syringe. The technique of intubation required 
gentleness of touch but with practice failures became very rare. After the doses had been given the 
adults were returned to their cage and the newborns were placed in the incubator. The newborns 
lay on filter-paper, which showed up any loss of alimentary contents by regurgitation or diarrhoea. 
If this occurred, the experiment was abandoned. A period of } hr. or 1 hr. was allowed for absorp- 
tion. The adults were then killed by coal gas, but the newborns, who are relatively insensitive to 
this poison, were usually killed by decapitation. The stomach and intestine were dissected out 
rapidly without loss of their contents, after forceps had been placed on the oesophagus, the 
pylorus and the ileo-caecal junction. In the infant rat it was also necessary to ligate the cardiac 
and pyloric ends of the stomach. 

The standard dose adopted for the experiments was 0-1 ml. solution/10 g. body weight. The 
desired amount was measured in the syringe and delivered through the tube. When small doses 
were given, none of the solution entered the large intestine of the adults, even by the end of I hr. 
Progress through the infants’ gut was difficult to follow exactly, because at birth the small and 
large intestines are poorly differentiated. | 

When larger doses were given, certain modifications of technique were necessary. There was 
a tendency for the adult and infant animals to regurgitate stomach contents after death. In the 
adults this was avoided by carrying out the dissections on an inclined board with the head higher 
than the abdomen, and clamping the oesophagus in the thorax at the earliest possible moment. 
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These methods were not effective in the infants and they were therefore killed by tying a ligature 
tightly round the neck. 

It was found that if a large enough volume of solution was given, sufficient sugar to exceed the 
absorptive capacity of the intestine before the animal was killed passed through the pylorus at 
once, In some experiments therefore some of the fluid which had just been delivered was with- 
drawn from the stomach after a pause of about 15 sec. This prevented the stomach becoming so 
distended by the volume administered, and by the gastric secretions, that regurgitation became 
unavoidable. When the adults were given large doses, the period of absorption had to be limited 
to 30 min. to avoid diarrhoea. 

When the withdrawal technique was used, the final contents of the syringe were analysed so that 
the amount of sugar actually given could be determined, Glucose and xylose were estimated by the 
method of Nelson (1944). The colour was read in a ‘Spekker’ photoelectric absorptiometer using 
an Ilford 604 spectrum green filter, which transmitted maximally at a wavelength of 520 my. 

Satisfactory agreement with Beer’s Law was obtained over the range used. 


Table 1 shows the average coefficients of absorption obtained from the experi- 
ments in which adults and newborn rats were given the standard dose. 

The 1-hr. rates for the adults are in close agreement with those of Cori (1925) 
and Feyder & Pierce (1935). 

The results showed that 

(i) the rate of absorption of glucose was the same whether the absorption 
period was 4 hr. or 1 hr.; 

(ii) glucose was absorbed more rapidly than xylose by the adult rats; 

(ili) the rate of absorption of xylose for 3 hr. was nearly double the rate for 
1 hr. Very little absorption, therefore, can have occurred in the second } hr.; 

(iv) the infants absorbed xylose twice as fast as the adults; , 

(v) the glucose: xylose absorption ratios for the adults were about 2°5:1 for 
1 hr. and 4:1 for 1 hr. The corresponding ratios for the infants were 1:1 for 
F hr., and 1-5:1 for 1 hr. 

Table 1 also shows the amount of the alimentary residues. In all the dis- 
sections it was noticed that the stomach contained more fluid than had been 
introduced, This was confirmed by measurement. It was also observed that 
when glucose had been given, the intestine was apparently empty, but that it 
was much more filled after xylose. This was related to the amounts of sugar 
found by analysis in the intestine. The residue of xylose was always large; in 
the newborn rats at the end of } hr. it was, however, the same as the residue 
of glucose. 


The effect of increasing the volume of sugar solution 
For reasons already given, the duration of the experiments in which large 
volumes of solution were administered was limited to 4 hr. The results are 
given in Table 2. | 
The total amount of sugar passing the pylorus (intestinal residue plus sugar 
absorbed) increased with the size of the dose in both adult and infant rats, even 
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when the withdrawal technique was used. The effect of thus increasing the 
quantity of sugar presented to the intestinal mucosa was to increase enormously 
the rates of absorption. There is no sign that the maximum rates possible had 
been attained, and it was unfortunate that, because of their tendency to cause 
diarrhoea, doses greater than 0-3 mg./10 g. body weight (a total of about 8 ml.) 
could not be given to the adults. If this difficulty could have been avoided, the 
adult rates might have reached much higher levels. Glucose was always 
absorbed much more rapidly than xylose by the adults. The infants absorbed 
both sugars equally well until the dose exceeded 0-2 ml./10 g. body weight, but 
then the rate for xylose fell off slightly. 


DISCUSSION 


The records in the literature of absorption coefficients for sugars given to the 
adult rat mostly lie between 160 and 230 mg./100 g. body weight/hr. (Cori, 
1925; Feyder & Pierce, 1935; Westenbrink, 1936a; Fenton & Pierce, 1940; 
Fenton, 1945). They were nearly all obtained by giving doses about 3 ml. in 
volume, and the present results show that they did not truly indicate the 
absorptive capacity of the intestine. This appears to depend on the volume of 
fluid reaching the intestine and on the rate at which it is delivered. The greater 
these are, the larger will be the area of absorbing surface in contact with the 
sugar solution. 

Absorption may also be affected by alterations in the concentration of sugar 
reaching the mucosa; in the present experiments this concentration was prob- 
ably much greater than normal because dilution in the stomach was eliminated. 
There has been some controversy about the effect of concentration, but the 
evidence has nearly always been confused by a lack of knowledge of the actual 
concentration at the absorbing surface. 

The evidence of Table 1 is in favour of the presence in the rat of a mechanism 
which maintains a more or less constant passage of glucose out of the stomach, 
and therefore a constant rate of absorption. The simplest device would un- 
doubtedly be one similar to that possessed by the dog (Quigley & Hallaran, 
1932; Quigley & Phelps, 1934) for inhibiting the motility of the stomach, and 
therefore its evacuation. Presumably the stomach contents are being con- 
stantly diluted, and as dilution progresses, the inhibitory effect of glucose 
solutions in the duodenum declines and the stomach empties more rapidly. 

The figures in Table 1 also suggest that the absorption of xylose almost 
stops during the second hr. both in adults and newborns, although the amounts 
left in the intestine are still comparatively large, and are greater at the end 
of 1 hr. The fact that the residues increase suggests that the presence of xylose 
in the intestine does not have the effect of preventing the release of more of the 
sugar from the stomach. This is difficult to explain, but it is perhaps worth 
noting that McCance & Madders (1930) found that the absorption of the pentose 
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sugar in man ceased after 1-1} hr. while there was still sugar in the alimentary 
tract. 

It is difficult to believe that the small differences in the rates of absorption 
of glucose by adult and infant rats over the range of dosage at which they can 
be compared have any fundamental importance. It does seem, however, that 
the process which results in the more favourable treatment of glucose is not 
developed in the infant. Glucose and xylose are absorbed equally well when 
the dosages are moderate and the rate is measured over 3 hr. During that } hr. 
the newborns absorbed the xylose at a higher rate than the adults, but no new 
theory is needed to explain this apparent anomaly. Sphincteric control is 
imperfectly developed in the immature animal: milk given to the human infant 
starts to pass out of the stomach almost immediately (Waller, 1949; Ford, 
1949) and a similar observation was made by dissecting newborn rats, such as 
those used for the experiments here described, directly after they had been 
given milk by stomach tube. It has been shown that absorption depends 
chiefly on the amount presented to the intestine, and the high rate for xylose 
may merely represent a high rate of flow through the almost functionless 
pylorus as the sugar is being administered. 


SUMMARY 


1, Adult and newborn rats absorbed glucose at approximately the same 
rates/100 g. of body weight when the sugar solutions were administered by 

stomach tube. 

2. The rate of absorption of glucose did not decrease with time. 

3. The xylose was apparently not absorbed after the first 4 hr. by either 
adults or newborns. For that time the rate of absorption/100 g. of body weight 

was greater for the infants than for the adults. 
4. By increasing the volumes of xylose and glucose administered, the sugar 
absorbed in the first 4 hr. was increased in adults and newborns and very high 
rates of absorption were obtained. 

5. Most of these results can be explained by supposing that (a) strong solutions 
of glucose (but not perhaps of xylose) in the duodenum decrease the motility 
of the stomach, (b) sphincteric control is much more easily overcome at birth 
than in adult life. Evidence can be produced in favour of both suppositions. 


I am grateful to Dr R. F. A. Dean for his help in the preparation of this paper. 
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INNERVATION AND ACTIVITY DURING CONTRACTION 


By CARLTON C. HUNT* A&D STEPHEN W. KUFFLER 


From the Wilmer Institute, The Johns Hopkins Hospital and University, 
Baltimore, Maryland 


(Received 4 July 1950) 


In a previous paper (Kuffler, Hunt & Quilliam, 1951), it was shown that only 
about two-thirds of the nerve fibres in the lumbosacral ventral root outflow in 
the cat are directly concerned with the production of muscle tension. These are 
the large-nerve fibres with diameters of 8-18 E., and conduction velocities of 
about 50-110 m./sec.; they set up the well-known motor unit twitch response. 
The remaining fibres, forming a distinct group of smaller diameter (3-8 fh.) and 
conducting at rates between 15 and 50 m./sec., were found to increase the 
sensory discharge originating in muscle spindles (Matthews’ A-type receptors). 
They serve as a nervous control mechanism of such stretch receptors. Thus, 
afferent discharges from muscle spindles can be set up by external muscle 
stretch or by excitation through the efferent small-nerve group. The term 

“spindle receptor’ was applied in this study to all stretch receptors giving an 
A-type response (see Hunt & Kuffler, 1951). 

During the present investigation, it was found that the effect of small-nerve 
stimulation on the discharge from muscle spindles could be recorded during 
muscle contraction, and in this way the influence of specific spindle innervation 
on afferent activity was analysed during the changing tension conditions of 
muscle contraction. The present findings also enabled an approach to additional 
problems of spindle function. While in the previous investigation stimulation 
was limited to single efferent fibres to individual spindles, the present experi- 
ments permitted stimulation of several efferent fibres to the same spindle and 
provided physiological evidence for multiple innervation of spindles by small- 
nerve fibres. The response from a spindle could be analysed under conditions of 
full or at least near-maximal nervous activation. It was shown that the afferent 
discharge pattern in a single sensory fibre could be significantly modified, 
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depending on the number of efferent nerve fibres acting on a muscle spindle and 
on the extent of their interaction. This study also provides evidence for the 
regular occurrence of small-nerve innervation, since with the present technique 
it was found in all spindles which were examined. 


METHOD 


Adult cats were anaesthetized with Dial - Urethane (Ciba) 0-5ml./kg. i 
with intravenous pentobarbitone sodium when necessary. The dissection and subsequent experi- 
mentation was carried out with the exposed tissues under paraffin oil at 37-397 C. 

Various hindlimb muscles were exposed, in particular the soleus and flexor digitorum longus, the 
insertion freed and attached to a strain gauge by a light chain. The circulation to the muscle was 
not disturbed. The leg was rigidly fixed by steel pins. The uncut nerve leading to the muscle under 
study was freed for several cm. to permit raising it into the paraffin oil for stimulation or recording. 
Nerves to other muscles were cut. The lumbosacral dorsal and ventral roots were severed near the 
spinal cord and were available for stimulation or recording. Since they contained little connective 
tissue, they could easily be split longitudinally by gentle pulling. By such a procedure single 
afferent fibres from various muscles could be isolated in dorsal root filaments. The potentials varied 
according to the size and consequent shunting effect of the subdivisions. Similarly, the ventral root 
outflow was subdivided so that single, or groups of, efferent fibres could be stimulated by placing the 
filaments on platinum electrodes. In this way it was possible to study the effects of stimulation of 
various components of the ventral root on the afferent discharge from individual stretch receptors. 

The preparations usually stayed in good conditions for 10-15 hr. The general technical approach 
has already been described in detail (Kuffler et al. 1951). Capacity-coupled amplifiers were used in 
conjunction with a dual beam oscilloscope. One channel usually recorded the nerve fibre potentials, 
the other the strain gauge signal or time base. The strain gauge (Statham) modulated a carrier 


signal. 


RESULTS 
A. The effect of small-nerve stimulation during maximal contraction 
Kuffler e al. (1951) found it difficult to detect the effect of small-nerve stimu- 
lation on the spindle discharge during contraction, probably because the torsion 
wire myograph then used allowed considerable muscle shortening. However, 
when a more rigid isometric recording apparatus was employed, this effect 
could be demonstrated. This is readily shown in the experiment of Fig. 1. 
Stimulation (11 stimuli at 120/sec.) of the nerve to the soleus at a strength just 
sufficient for maximal contraction, caused a cessation of the baseline discharge 
from this receptor. The potentials following each stimulus in the second trace 
represent impulses set up by ‘direct’ excitation of the sensory fibre in the muscle 
nerve and were not derived from spindle discharges, which have ceased during 
contraction. However, when the stimulus strength was increased to two to 
three times maximal for contraction, as in trace 3, a great number of additional 
afferent impulses appeared during the tetanus, without increasing the extent of 
tension. The afferent responses, obtained during ‘supramaximal’ tetanic stimu- 
lation, originated in muscle spindles and were shown to result from excitation 
of small diameter efferent fibres for the following reasons: (1) The spindle 
discharge during contractions always coincided with excitation of nerve 
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fibres of slow conduction and high threshold. Leksell (1945) has already shown 
that excitation of such fibres increases the afferent discharge from muscle. 
(2) When the number of stimuli was varied at any one frequency, the afferent 
response showed a similar facilitation phenomenon as was observed with ex- 
clusive stimulation of small efferent fibres (Kuffler et al. 1951). Higher fre- 
quencies of stimulation (50-100/sec.) produced a greater afferent discharge 
during contraction, with shorter periods of facilitation, than lower frequencies. 


Fig. 1. Small-nerve effect during contraction. Recording from single afferent of A type from soleus 
in dorsal root filament. Initial tension 100 g. BL: baseline discharge. Max.: stimulation of 
muscle nerve by train of 11 stimuli at 8 msec. intervals, current strength just adequate to 
cause maximal tension response. Each stimulus is followed by an impulse recorded in the 
dorsal root filament due to direct stimulation of the afferent fibre in the muscle nerve. The 
spindle receptor stopped discharging during the contraction. 2 max.:-current strength 
doubled, resulting in many spindle discharges during contraction. At this strength small 
efferent fibres were excited. Strain gauge tension on second beam; potentials 0-5 mV. 


Further, the effect on the afferent discharge became more pronounced as the 
initial tension was raised. All these phenomena are characteristic of small- 
nerve excitation. (3) Finally, by subdivision of ventral roots, the fibres which 
had caused the discharge during contraction were isolated completely in many 
instances. They were high threshold, slow-conducting fibres of the small-nerve 
group and did not cause twitch responses. In contrast, the other ventral root 
fibres, of large diameter, set up the well-known muscle contraction which was 
usually accompanied by a pause or slowing of the spindle discharge, regardless 
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of stimulus strength. However, a number of spindle receptors showed dis- 
charges during contraction which resulted from stimulation of extrafusal muscle 
fibres by large efferent fibres. These will be considered in the subsequent paper 
(Hunt & Kuffler, 1951). 


B. Modification by contraction of the afferent response to small-nerve excitation 
The effect of contraction on the afferent response to small-nerve stimulation 
was studied in more detail in the following manner. One or two small-nerve 
fibres, which increased the discharge of a single afferent, were isolated and 
stimulated separately or in conjunction with varying numbers of large-nerve 
fibres which alone produced only twitch responses. An example is shown in 
Fig. 2. At an initial tension of 2 g., 9 stimuli at 10 msec. intervals to a small 
efferent fibre increased the afferent discharge rate (B,2g.). Simultaneous stimu- 
lation of large contraction-producing fibres abolished the small-nerve effect and 
produced a cessation of the baseline discharge rate during contraction (C, 2 g.). 
This is similar to the effect of the twitch-producing fibres alone (D, 2 g.). When 
the initial tension was raised to 15 g., the effect of identical small-nerve stimu- 
lation was increased (B, 15 g.). At this muscle tension, the twitch component 
alone again caused a complete pause in the baseline discharge during contrac- 
tion (D, 15 g.), but when the small-nerve fibre was added, several afferent dis- 
charges appeared during contraction (O, 15 g.). A further increase in the initial 
tension to 35 g. made the small-nerve effect still greater (B, 35 g.). When the 
small-nerve fibre and the twitch- producing nerve fibres were stimulated to- 
gether, there was still less reduction in the small-nerve effect (C, 35 g.) than at 
lower tensions. 

Raising the initial tension appears to have a twofold effect. First, as seen 
from the B series of Fig. 2, small-nerve excitation by itself becomes more effec- 
tive; and secondly, with higher initial tensions less shortening accompanies 
contraction. Thus, conditions for small-nerve effects during contraction become 
more favourable (C series). 

In interpreting the spindle response during contraction, the following factors 
should be considered. Even under ‘isometric’ conditions, some muscle shorten- 
ing occurs and the stretch-deformation effect on the sensory ending is reduced, 
causing a reduction or cessation of the resting discharge (D series). When small- 
nerve stimulation is then added, its effect in setting up afferent discharges is 
also diminished, due to lower tension on the spindle during contraction. It is 
doubtful, however, whether the relative ineffectiveness of small-nerve excitation 
during contraction can be accounted for by the lowered stretch on the spindle 
alone. Even under a muscle tension of a few grams a small-nerve effect can 
usually be elicited, and it seems likely that such low tensions in the spindle 
region are not reached in the present experimental conditions during contrac- 
tions under relatively high initial tensions. An additional consequence of the 
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abrupt decrease in tension during contraction may be a depression of the 
excitability of the sensory endings. Such a depression is seen in a ‘resting’ 
muscle when the tension is suddenly reduced. The afferent discharge rate then 


Fig. 2. Effect of contraction on response to small-nerve stimulation. Recording from single A 
receptor from flexor digitorum longus at initial tensions of 2, 15 and 35 g. Second beam indi- 
cates strain gauge response. A: baseline discharge. B: stimulation of isolated smali-nerve fibre 
(9 stimuli at 10 m.sec. intervals at beginning of sweep). Note that effect on afferent discharge 
increases as muscle tension is raised. No muscle contraction results. D: similar stimulation of 

a portion of the ventral root containing no small-nerve fibres. Cessation of discharge during 
contraction. O: simultaneous stimulation of small-nerve fibre as in B and large nerve fibres as 
in D. At 2 g. tension there is a pause in the discharge while at 15 and 35 g. small-nerve 
stimulation becomes increasingly effective. Potentials 0-2 mV. Maximal tetanus tension 140 g. 


assume a steady rate which is appropriate for the new but lowered tension (see 
also Matthews, 1933). An equivalent decrease in excitability of the sensory 


falls abruptly and only gradually (sometimes over several seconds) rises again to 
5 ending seems to play a role in the reduction of discharges during tetanic 
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contraction when small-nerve fibres are also excited. This is illustrated in the 
following experiment. If, under similar conditions as in Fig. 2, C, 2 g., the 
tetanus was continued, discharges were gradually resumed during the tension 
plateau, apparently after the depression caused by the sudden contraction 
wears off. 

C. Number of spindle afferents excited by small-nerve stimulation 

It was shown in the previous section that the stimulating action of small- 
nerve impulses on the spindle discharge can be detected when the whole nerve 
or ventral root is stimulated (Fig. 1). Many spindle afferents in muscles, how- 
ever, showed only a cessation of discharge during contraction at any initial 
tension when the whole motor nerve supply, including the small-nerve fibres, 
was stimulated at an appropriate strength and frequency. It thus appeared 
possible that some afferents from spindles were not excited by small-nerve 
innervation. Stimulation of the ventral root components again clarified the 
situation. Excitation of several subdivisions by a train of stimuli of sufficient 
strength was always found to increase the afferent discharge provided the 
muscle contraction was small enough. Stimulation of other subdivisions was 
accompanied by only a pause of discharge, irrespective of stimulus frequency or 
strength. The discharges during contraction were readily identified as being 
caused by small-nerve fibres. Thus, whenever a thorough search was made, it 
could be demonstrated that all afferents (A units) from spindles responded to 
small-nerve excitation. 

The most reasonable explanation for the failure to see small-nerve effects in 
some afferents with stimulation of the whole motor supply, seems to lie once 
more in the occurrence, even under rigid isometric conditions, of some shorten- 
ing within the muscle (section B). Some spindles are more affected by shorten- 
ing than others, presumably due to their particular location within the muscle 
in relation to the contracting elements. In accord with this suggestion, it was 
frequently observed that certain groups of twitch motor units were much more 
effective than others in causing a pause in the discharge during contraction. 


D. Innervation of one spindle by several small-nerve fibres 

Since the small-nerve effect on the spindle discharge could be recorded in the 
presence of considerable amounts of muscle contraction, the following relatively 
simple procedure was followed for the isolation of more than one small efferent 
fibre to a single spindle. The ventral root outflow to a muscle was split and each 
subdivision, which set up an increased discharge in the single afferent fibre 
during contraction, was further separated until only one active fibre remained, 
which produced no muscle contraction but still caused an increase in the afferent 
spindle discharge. All A units examined in this way have shown evidence of 
multiple efferent spindle innervation and three to five small-nerve fibres to one 
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spindle could often be isolated. They could be identified, and their conduction 
velocities measured, by recording from the muscle nerve. 

Interaction between small-nerve fibres to one spindle. Individual small-nerve 
fibres to one spindle could be stimulated separately or together, permitting 
a study of the characteristics of excitation when the spindle received varying 
degrees of nervous activation. The effect of three small-nerve fibres on the 
discharge of one spindle afferent from the flexor digitorum longus at a resting 
tension of 20 g. is illustrated in Fig. 3. When the small-nerve fibres were excited 


Fig. 3. Effect of three small-nerve fibres to one spindle. Recording from one afferent fibre from 
flexor digitorum longus. Initial tension 20 g. BL: baseline discharge. a-c: separate stimu- 
lation of three isolated small-nerve fibres with 8 stimuli at 10 msec. intervals. Artifacts — 
indicated in lower right of this figure. Stimulation of fibres a and 6 is more effective than that 
of c. Excitation of a and h together showed a summation of their individual effects. a, b and c 
gave a still greater response with a maximal discharge rate of over 250/sec. 


individually, with 8 stimuli at 10 msec. intervals, fibre a produced an incre- 
ment of six impulses above the afferent baseline discharge rate, while fibre ö 
added eight, and fibre c four impulses. Thus, different small-nerve fibres may 
have varied effectiveness in increasing the discharge of one spindle, perhaps in 
part depending on the location of the sensory ending in relation to the activated 
region of the intrafusal elements and the number of these muscle fibres excited 
by each fibre. When fibres a and b were stimulated together, the increment in 
the sensory discharge showed that their effects summed. The response could be 
graded in two steps by altering the current strength. Maximal stimulation to 
all three fibres (a, b, and c) produced a still greater effect and the afferent 
discharge reached a maximal rate of about 250/sec., greatly in excess of that 
caused by any of the individual small-nerve fibres. 
PH. OXIII. 19 
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Another example of the interaction between small-nerve fibres is shown in 
Fig. 4. At zero muscle tension there was no baseline discharge and one stimulus 
to small-nerve fibre a was ineffective, while to fibre ö, it regularly set up one 
afferent discharge. Both fibres together caused two afferent discharges. The 
same phenomenon appears more stikingly when 2 stimuli at 125 msec. interval 
to fibre a still caused no discharge, in contrast to fibre ö which set up three 
impulses. Fibres a and b, stimulated simultaneously, set up six relatively 
closely spaced discharges. 


Fig. 4. Effect of subthreshold excitation. Recording of single spindle afferent from flexor digitorum 
longus. Initial tension zero gram with no baseline discharge (not illustrated). Two small-nerve 
fibres (a, b) to this spindle stimulated individually or together. With a single stimulus a pro- 
duced no afferent discharge, b produced one, while together (a plus 6) they set up two impulses. 
When 2 stimuli (125 msec. apart) were given, a caused no discharge, b caused three impulses, 
while together they set up six. Stimulus artifacts marked by arrows. 


The above evidence clearly demonstrates that the excitatory effects pro- 
duced by stimulation of several small-nerve fibres can sum when each of the 
efferent fibres alone is highly effective (Fig. 3). In addition, when stimulation 

of one small-nerve fibre caused no increase in the afferent discharge (Fig. 4a), it 
could be shown to set up a subthreshold effect which summed with the response 
produced by excitation of another small-nerve fibre (Fig. 4 a plus b). Phenomena 
of synergistic interaction between small-nerve fibres are to be expected if 
several innervate the same spindle and frequently the same intrafusal fibres. 


E. Characteristics of efferent spindle excitation 
Effective frequency of stimulation. Kuffler et al. (1951) reported that single 
stimuli to small efferent fibres usually failed to alter the afferent spindle dis- 
charge. Further investigations have shown this to be true for most small-nerve 
fibres. However, a number of individual efferent fibres have been found, par- 
ticularly in the flexor digitorum longus, which produce an appreciable incre- 
ment in the discharge from some spindle receptors following a single stimulus. 
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This usually consisted of one or a few additional impulses and occasionally of 
a train of impulses, the effect being increased at higher initial tensions (Fig. 5). 
In some cases when several small-nerve fibres were isolated to the same spindle, 
it was found that while one of them was effective with a single shock (as in 
Fig. 5), the others needed the facilitatory effect of a series of stimuli to increase 
the afferent discharge. This provides further evidence that different small-nerve 
fibres to the same spindle can vary in effectiveness (section D). Even when 
a single stimulus to a small-nerve fibre produced an increased afferent discharge, 
facilitation still occurred, i.e. as the number of stimuli was increased, the effect 
of each stimulus on the afferent discharge was augmented. 


Fig. 5. Recording from single spindle afferent at initial tensions of zero, 10 and 40 g. Stimulation 
with a single shock at beginning of sweep to one small-nerve fibre. Note greater effect at 
higher tensions. Such effectiveness of one small-nerve impulse was rarely seen. Potentials 
0-6 mV. 


Kuffler et al. (1951) also showed that excitation of a single small - nerve fibre 
at a low frequency, e.g. at 10/sec., could double the afferent discharge rate after 
a considerable facilitation period. A corresponding result could be obtained if 
several small-nerve fibres to one spindle, each with little effect by itself, were 
excited simultaneously at only 1-2 / ec. Thus, the effective frequency of stimu- 
lation is lowered as more efferent fibres to a spindle are excited. 

Post-excitatory facilitation. A train of impulses in one small-nerve fibre may 
greatly change the threshold of excitation of a spindle, as tested by the same or 
by other nerve fibres. In Fig. 6 a single stimulus to one small-nerve fibre ö 
caused one afferent response at zero muscle tension in the absence of any 
baseline discharge. After a train of stimuli at 20/sec. for 1-2 sec. or less, the 
same single stimulus caused five afferent discharges. This post-excitatory facili- 
tation, after remaining unchanged for 7 min., was abolished by a brief stretch 
to the muscle. Following the stretch the original excitatory condition returned. 
The same figure illustrates a similar phenomeonon but with two small-nerve 
fibres interacting. A single impulse to ö again produced only one afferent 
discharge, but it became much more effective when it followed a short burst 
to a second small-nerve fibre (train a), supplying the same spindle. This 
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facilitation, however, was more transient and the excitability returned to 
normal within 1 min. 

The effects shown in Fig. 6 occurred at low tensions of the muscle and prob- 
ably indicate some ‘plastic’ property of the intrafusal muscle fibres. Accord- 
ingly, these tend to retain their shortened state and thereby maintain a greater 
stretch on the afferent terminals, which in turn increases their excitability 
(cf. also Matthews, 1933). The differences in the duration of facilitation after 


Fig. 6. Post-excitatory facilitation. Recording from single afferent fibre from flexor digitorum 
longus. Two small-nerve fibres isolated (a and b). Zero tension with no baseline discharge. 
Left, from above downward: single 6; one stimulus to fibre b causes one discharge. Train ö; 
portion of response during stimulation of same fibre at 20/sec. for. I sec. Single stimulus follow- 
ing this produced five afferent discharges, a facilitation lasting for 7 min., when it was abolished 
by a brief stretch to the muscle. Right: single b: one stimulus again sets up only one afferent 
impulse. Train a: stimulation of other small-nerve fibre (a) with 10 stimuli at 10 msec. 
intervals. This is followed by facilitation effect (single b) which lasted for less than | min. 


stimulation of the same or of interacting small-nerve fibres may be accounted 
for by the differing number of intrafusal muscle fibres which are activated 
and the extent of overlap in innervation by both small-nerve fibres (see dis- 
cussion). 


F. Innervation of several spindles by single small-nerve fibres 

Efferent fibres are known to divide in the nerve on nearing the muscle (Eccles 
& Sherrington, 1930; Adrian, 1925). This is true in particular for the small-nerve 
fibres since, when such fibres were stimulated individually in the ventral root, 
they could frequently be shown to divide into both main branches of the nerve 
to the tenuissimus. Furthermore, one small-nerve fibre can set up ‘spindle 
potentials’ in widely separated muscle regions (Kuffler et al. 1951). It was 
concluded that such small efferent fibres innervate at least two muscle spindles. 

More direct evidence is furnished by Fig. 7 B, which represents a recording 
from the whole nerve to the flexor digitorum longus when a single small 
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efferent fibre was excited by a train of 11 stimuli at 15 msec. intervals. A 
striking effect on the afferent discharge is readily seen and, since the impulses 
show a great range in potential height, it is clear that many afferent fibres, more 
than could arise in one spindle, gave an increased discharge. More clear-cut 
evidence of innervation of more than one spindle by one small-nerve fibre was 
obtained in an experiment where two fibres were isolated in dorsal root fila- 
ments, both responding to stimulation of one small-nerve fibre. However, 
a second isolated small efferent fibre increased the discharge rate in only one of 


Ta, AP 


Fig. 7. Effect of a single small-nerve fibre to flexor digitorum longus, stimulated in ventral root 
filament. BL: baselines. Left: recording from whole muscle nerve. Resting tension zero 
gram. A: single stimulus to small-nerve fibre. Note group of four discharges set up in one 
afferent. Centre: recording from whole muscle nerve. Resting tension zero gram. B: train of 
10 stimuli at 15 msec. intervals to same small-nerve fibre during first half of sweep. Note 
discharges are set up in many afferent fibres. Right: recording from single spindle afferent in 
dorsal root filament. Resting tension 10 g. C: train of 6 stimuli at 15 msec. intervals to the same 
small-nerve fibre increases discharge rate. A single stimulus was ineffective. Times: 50 c.p.s., 
potentials in C about 0-4 mV. 


these. Therefore, the afferent fibres must have originated in different spindles, 


since if they had endings in the same spindle, both small-nerve fibres would have 
been effective. 

The same efferent fibre as in Fig. 7 B was stimulated by a single shock at 
a tension of zero gram, while again recording from the muscle nerve (Fig. 7 A). 
One unit can be distinguished to respond with a train of four impulses, giving 
another instance of the effectiveness of a single small-nerve impulse (see also 
Fig. 5). Another afferent in a dorsal root filament was isolated, but in this case 
a train of stimuli to the same efferent fibre was necessary to cause an effect 
(Fig. 70). Such experiments demonstrated that the same small-nerve fibres 
may produce varying results in different spindles. 
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DISCUSSION 


The effect of stimulation of small ventral root fibres to cat muscle was de- 
scribed by Kuffler ct al. (1951). These were shown to innervate the muscle 
elements within the spindles, the intrafusal muscle fibres, and thereby to increase 
the discharge rate in sensory fibres. Only a portion of the spindle innervation 
was studied at that time, i.e. the effect which a single efferent fibre produced on 
the discharge from one spindle afferent. From experiments where three to five 
individual small-nerve fibres to the same spindle were isolated a more compre- 
hensive view of the efferent spindle innervation could be obtained. Barker (1948) 
has recently made a detailed investigation of the efferent innervation to the 
intrafusal muscle elements in spindles of the rabbit. He found the usual number 
of intrafusal fibres to be from two to four. These are interrupted in the central 
portion of the spindle by an apparently non-contractile region and receive 
efferent nerve fibres terminating in end plates towards both poles of the spindle. 
Individual efferent fibres often divide to terminate in end plates on more than 
one intrafusal muscle fibre. This is particularly true of the ‘larger’ efferent fibres 
which may innervate all the intrafusal elements in one pole of the spindle. 
Furthermore, the ‘smaller’ of the efferent fibres may also innervate one or 
several intrafusal muscle fibres, and one intrafusal fibre may carry more than 
one end-plate from the same efferent fibre. As a consequence of the abundant 
branching, individual intrafusal fibres also receive terminations from more than 
one efferent nerve fibre; a multiple innervation seems the rule. From such data 
and the present findings it may be expected that the same intrafusal muscle 
element will be activated by more than one small-nerve fibre. Examples of 
similar multiple innervation by large efferent fibres in extrafusal muscle fibres 
is well known in the frog (Katz & Kuffler, 1941). A multiple innervation for 
many muscles in cat, rat and monkey has been established and therefore seems 
to be a common phenomenon (unpublished observations.) 

It has been suggested that the intrafusal muscle elements may possibly be 
activated by a local excitatory process around the efferent nerve terminals in 
analogy with the effect of frog small-nerve fibres; the latter show a facilitation 
mechanism in producing contraction (Kuffler & Gerard, 1947). The presence of 
a dense small-nerve innervation to the intrafusal muscle elements would provide 
a suitable anatomical arrangement for a local contractile excitatory process. 
Such a view is supported by the varying effectiveness of different small-nerve 
fibres in increasing the discharge rate from a single spindle afferent. While the 
number of intrafusal muscle fibres excited by individual small-nerve fibres may 
play a role, it is thought that the position of the sensory ending in relation to 
the small-nerve terminations may often determine the variations in the response 
to different efferent fibres. If the small-nerve impulses set up propagated 
muscle responses in the intrafusal fibres, the position of the sensory endings 
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would have less importance than if local, graded contractile responses were 
produced, since the distances involved are small. Local mechanical activation 
of intrafusal elements would then allow a wide range of facilitation mechanisms 
to come into play between different small-nerve fibres reaching an intrafusal 
muscle fibre synchronously or in temporal sequence. 

In addition to branching within the spindles, individual small-nerve fibres 


divide extensively before entering the muscles and innervate a number of 


spindles. A single small- nerve fibre may thus influence the afferent discharge 
froma number of spindle receptors. Recently, Wohlfart (unpublished) has shown 
that in the tibialis anticus there are about sixty spindles with a similar number of 
small-nerve fibres entering the muscle, the latter comprising about 25 % of all the 
efferent fibres. If this ratio applies to other muscles, one can assume that there 
exist about as many spindles in hindlimb muscles as small-nerve fibres in the 
ventral root ouflow. Since each spindle receives at least three to five small-nerve 
fibres as demonstrated physiologically, it follows that each nerve fibre branches 
extensively. The large number of small-nerve fibres which were found to have 
no other function than that of increasing the afferent discharge, makes it likely 
that the entire small-nerve group has such a role.* 

Muscle spindles usually have more than one sensory ending, apparently 
derived from separate nerve fibres. These are generally designated as the 
primary, about the central region, and the secondary endings, located towards 
one or both poles. No physiological basis for a differentiation between these 
two types of endings has been found in these experiments. One may assume that 
the discharge set up in both, by external stretch, will diminish or stop during 
contraction. Sensory fibres showing the A type of response may therefore 
terminate in either primary or secondary endings. It has been seen that all 
A fibres exhibit an increased discharge rate following small-nerve excitation 
under appropriate conditions. It then follows that both endings can be excited 
by contraction of the intrafusal muscle fibres. In view of the probable impor- 
tance of the spatial relationship between the termination of efferent nerves and 
sensory endings, some difference in the responses of primary and secondary 
endings might be expected, particularly if local contractile processes play 
a role (see above). 

Stimulation of several small-nerve fibres to a spindle has been shown to 
increase the afferent discharge to a greater extent than excitation of any one of 
these fibres. Although a single small-nerve fibre by itself can be effective and 
cause the afferent discharge to be ‘driven’ at a rate of stimulation well above 
150/sec., similar excitation of two or more small-nerve fibres may evoke a still 
higher discharge rate (e.g. Fig. 3). The main advantage of multiple small-nerve 
innervation on a spindle discharge, however, appears at low frequencies of 


* Note added in proof. In later studies, serial examination of a large number of small-nerve 
fibres has shown conclusively that this group of fibres innervates the muscle spindle exclusively. 
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stimulation. Thus, when several small-nerve fibres are activated, frequencies as 
low as 1-10/sec. are often quite effective. This may play a role in normal 
function, particularly when no extensive muscle movement occurs. Further, 
several small-nerve fibres, by their interaction, could influence afferent dis- 
charges more effectively and quickly, for instance by a short synchronous 
burst of impulses into a spindle. 

The specific effect of small-nerve fibres on spindle discharges was also demon- 
strated in one rhesus monkey. All the essential features of small-nerve excitation 
were similar to those in the cat. 

In agreement with the previous study no small-nerve effect on the B type 
discharge has been observed. The B discharge type is probably linked with the 
tendon organs (Matthews, 1933). The remaining stretch receptors show the 
A discharge type and whenever properly tested can be excited by small-nerve 
impulses. They are therefore assumed to arise from muscle spindles. Such 
assumptions agree with the general picture of stretch receptor morphology. 

The analysis of small-nerve effects during contraction helps to form a view 
about some of the possible modifications of the afferent discharge during normal 
activity. Maximal synchronous contractions set up by excitation of the whole 
motor supply are not likely to occur, nor would strict isometric conditions be 
encountered. However, excitation of groups of motor units, not unlike those 
when ventral root subdivisions were excited, would occur frequently. Depend- 
ing on the frequency of efferent small-nerve activation, an afferent discharge 
from spindles could then be maintained in spite of contraction (see also Hunt 
& Kuffler, 1951). 

SUMMARY 
1. The function of the small-nerve fibres which comprise about one-third of 
the cat’s lumbosacral ventral root outflow was further studied. In accordance 
with previous findings, it was found that small-nerve stimulation does not 
produce twitch responses in muscles, but is exclusively concerned with the 
control of afferent discharges from muscle spindles. 

2. The effect of small-nerve stimulation on spindle discharges was studied 
during rest and during contraction of various muscles. Contraction diminishes 
the excitatory effect of small-nerve fibres on the muscle spindles, particularly 
when external shortening is allowed. This is due to a decrease in stretch on 
spindles and is dependent on the extent of contraction. It is concluded that in 
normal function when only a fraction of the motor outflow is activated, small- 
nerve excitation remains highly effective. 

3. All stretch receptors which tend to diminish their discharge rate during 
muscle contraction (A type) have been found to be affected by small-nerve 
stimulation. Small- nerve innervation of muscle spindles appears to be the rule 
and affects all afferent fibres from the spindles. 

4. Each muscle spindle which was closely studied was shown to receive 
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several small-nerve fibres. Three to five such fibres acting on the same spindle 


_ could be isolated and their interaction studied. It was found that the excitatory 


effects of different small-nerve fibres on one spindle sum and in addition they 
may facilitate the effect of each other. One small-nerve impulse, by itself 
ineffective, may cause spindle discharges if applied simultaneously or following 
another one in a second fibre. Thus, the discharge rate from a spindle is greatly 
influenced by the number of its activated small-nerve fibres. 

5. Small-nerve fibres branch and can innervate several muscle spindles. 

6. The same small-nerve fibre may vary in effectiveness in causing discharges 
in different muscle spindles. Conversely, different nerve fibres to the same 
spindle may differ in their excitatory action. The spatial relationship of small- 
nerve terminations to the sensory endings, within a spindle, in addition to the 
number of intrafusal fibres supplied by a nerve fibre, appear to determine these 
phenomena. | | 

7. Small-nerve stimulation can be followed by a period of facilitation which 
is believed to be due to some ‘plastic’ property of spindle intrafusal fibres. 

8. Local contractile changes, rather than propagated twitch responses in 
intrafusal muscle fibres, could best account for the observed excitatory effects 
of small-nerve stimulation on the spindle discharge. 

9. The small-nerve fibres in the rhesus monkey and cat are comparable in 
their effects. | 
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The analysis of the behaviour of individual sensory fibres was begun by Adrian 
over twenty years ago and was extended by Bronk, Zotterman, Matthews, and 
others. A requisite to such analysis was the recording from single fibre pre- 
parations. By this technique, Matthews made a detailed study of stretch 
receptors in muscles of the frog (1931 a, b) and of the cat (1933). In the latter 
paper he described the response patterns of different types of receptors to 
external stretch and to contraction of the muscle. This classical paper provides 
the background for the present study. Matthews (1933) found that the indi- 
vidual stretch receptors in the cat fell into two principal categories: (1) the A 
fibres (A, and A,) which under most conditions showed a slowing or cessation 
of their discharge rate during contraction; and (2) the B fibres which exhibited 
an acceleration of their discharge rate during contraction. He concluded that 
A fibres come from endings located in the muscle spindles, their decreased 
response during contraction being due to a lessened stretch on the spindle when 
the surrounding muscle fibres contracted. The B fibres he regarded as origi- 
nating in the tendon organs, their behaviour indicating that they were further 
stretched during contraction. Fulton and Pi-Suiier (1928) had predicted such 
an ‘in series’ and ‘in parallel’ behaviour of receptors from tendon organs and 
from muscle spindles on the basis of the ‘silent period’ of the muscle during the 
stretch reflex. 

In a recent study (Kuffler, Hunt & Quilliam, 1951) of the function of small 
diameter efferent fibres in the lumbosacral ventral roots of cats, it was found 
that stimulation of these fibres increased the afferent discharge from A-type 
receptors in muscle, and it was concluded that these efferent fibres excited 
contractile elements within the muscle spindle, the intrafusal muscle fibres. 
Accordingly, the muscle spindle discharge is influenced by external stretch and 
the various modifications of stretch during contraction, as well as by the ner- 
vous mechanism of the efferent small-nerve fibres. 
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It has been the main purpose of the present study to differentiate between 


the responses from sensory endings in the muscle spindles which are solely 
a consequence of contraction of the extrafusal muscle fibres, and those in which 


nervous excitation of muscle elements within the spindle is also involved. The 
responses of over 500 stretch receptors from the soleus and several hundred 
from other leg muscles, principally the flexor digitorum longus, have been 
investigated during contraction. An attempt has been made to correlate the 
discharges with the dynamic events occurring in the different components of 
the muscle. 

Matthews’s classification of A and B receptor types has been used. However, 
in the present study the A group includes all receptors which show a decrease 
in discharge rate during contraction, although under various conditions re- 
sponses may appear during the development of tension. 


METHOD 


The experimental procedure has been fully described in the previous papers (Kuffler et al. 1951; 
Hunt & Kuffler, 1961). Cats were usually anaesthetized with Dial-Urethane (Ciba) and, when 


In most experiments a rigid isometric arrangement was used, but occasionally responses were 
observed during isotonic contractions. Sensory discharges in single afferent fibres from the muscle 
were recorded in dorsal root filaments. The speed of conduction in sensory fibres was derived from 
the stimulus-response intervals following excitation of the nerve to the muscle. The conduction 
distance was carefully measured at the end of the experiment and the average velocities calculated. 


(1) The A-discharge type 
When appreciable muscle shortening was permitted, or during isometric con- 
tractions at low initial tensions, the discharge in A fibres, set up by steady 
external stretch, abruptly ceased during a submaximal or maximal twitch. The 
discharge was resumed at times during relaxation which varied in different 
receptors. This could be seen especially well in the simultaneous recording of 
impulses from two A receptors (Fig. 1). The unit giving the smaller potential 
showed no baseline discharge with this initial tension but exhibited a group of 
discharges during relaxation which began earlier than those of the ‘larger’ unit. 
In the latter the discharge during relaxation was at a higher rate than the 
baseline, as was frequently seen. When the initial tension was sufficiently great, 
the baseline discharge rate was generally high and some units showed merely 
a slowing of this rate rather than a complete ‘silence’ during contraction, as 
already observed by Matthews (1933). All the findings support the view that 
A receptors are located in the muscle spindles (Matthews, 1933). The diversity 
in the discharge pattern of different A-type receptors during contraction can 
probably be explained by the varied position of these spindles within the 
muscles (see discussion). 
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decerebrated under preliminary ether anaesthesia without any appreciable difference in results. | 
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In general, the endings giving A-type discharges had a lower threshold to 
external stretch than the B group, and many exhibited spontaneous activity 
when no external tension was applied to the tendon (cf. also Matthews, 1933). 
However, A units were occasionally encountered which required a steady 
stretch of 100-200 g. to evoke a continuous discharge. 

Increased discharge rates in A units during contraction were observed under 
a variety of conditions. Most of these could probably be classed as A, types 
according to Matthews (see below). As shown in the previous papers, the 
afferent discharge during contraction could be increased by small-nerve stimu- 
lation. However, in addition, exclusive excitation of the large diameter motor 
fibre group sometimes caused the endings in spindles to discharge during con- 
traction. A differentiation between afferent discharges set up by nerve fibres 


Fig. 1. Recording of two individual A-unit responses from soleus in a dorsal root filament. Initial 
tension 40 g. BL: baseline discharge. Stim.: maximal single stimulus to motor nerve. Note 
unit giving larger potential ceased discharging during contraction and resumed at a high rate 
during relaxation. Unit giving smaller potential had no baseline discharge at this initial 
tension. It discharged during relaxation much earlier than the larger unit. Second beam 
represents strain gauge record, maximal twitch tension is 340 g. 


in the distinct large or small diameter groups was not difficult. The latter were 
activated by stimuli to the muscle nerve which were two to four times the 
strength required to excite the larger fibres. Furthermore, small-nerve excita- 
tion was not effective with single stimuli during comparable degrees of muscle 
contraction. It was therefore of particular interest, after exclusion of small- 
nerve effects, to decide whether discharges of certain A units during contraction 
were: (1) due to excitation of the intrafusal muscle fibres in the spindle by 
efferent fibres of the larger diameter group; or (2) the result of tension changes 
set up solely by the extrafusal muscle elements, the muscle spindle reacting 
passively to stretch. 

Afferent discharges from spindles caused by large diameter motor nerve stimu- 
lation. In the present study a number of A units were found which showed 
responses during twitch contraction, in most cases only when there was a high 
initial tension (100-300 g.) on the tendon and only when external shortening 
was minimal. These responses were rare in receptors from the soleus, but were 
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seen fairly frequently in such muscles as the peroneus longus and brevis, and 
flexor digitorum longus. A number of examples of these response types are 
given below, but it should be emphasized that there are no rigid 3 and 
numerous intermediate responses were observed. 

Certain receptors gave a pause or slowing of discharge during an isometric 
twitch at low initial tensions (0-50 g.), but at higher tensions showed discharges 
during contraction. In some cases the response appeared at a strength of 
stimulus to the muscle nerve near maximal for contraction. This showed the 


Fig. 2. Recording of single A-unit discharge from soleus. BL: baseline discharges at 20, 100 and 
200 g. A, 20g.: maximal single stimulus to nerve. Cessation of discharge during contraction. 
A, 100 g.: submaximal stimulus to nerve causes contraction of 295 g. with pause. B: slightly 
stronger stimulus, contraction of 315 g. with discharge during tension rise. C: just maximal 
stimulus. Contraction of 325 g. with more discharge during rise of tension. A, 200 g.: maximal 
stimulus, Note increased discharge rate during tension rise, no pause. Time base 50 c.p.s. 


closest similarity to Matthews’s A, response (see later). An example is seen in 
Fig. 2. The receptor ceased to discharge during an isometric twitch at an 
initial tension of 20 g. with submaximal or maximal (A, 20 g.) stimulation of 
the nerve to the muscle. When the initial tension was raised to 100 g., a 
contraction 90 % of maximal (A, 100 g.) produced only a pause, but with a 
contraction 97 % of maximal (B, 100 g.) or maximal (C, 100 g.), a group of 
discharges appeared during the rising phase of the twitch response. This was 
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followed by a pause before the discharges during relaxation began. At a higher 
initial tension of 200 g. a single maximal nerve stimulus (A, 200 g.) increased the 
discharge rate during the rising phase of contraction and no pause was observed. 

In a number of units this type of response could also be elicited at higher 
initial tensions with submaximal stimulation of the muscle nerve. An example 
is provided by Fig. 3, which illustrates a unit with a pause during a maximal 
twitch at an initial tension of 10g. and a discharge during a maximal, or 46% of 
maximal, twitch at an initial tension of 100 g. 


Fig. 3. Recording of single A-discharge unit from a small soleus muscle in a kitten. Left: initial 
tension 10g. BL: baseline discharge. Max.: maximal stimulus to muscle nerve with cessation 
of discharge during contraction. Time base 50 c.p.s. Right: initial tension 100g. Max.: maximal 
stimulus to nerve; contraction 148 g. Submax.: submaximal stimulus to nerve; contraction 
68 g. Note similar discharges during contraction. 


The large nerve fibres which set up discharges during contraction could 
sometimes be isolated in ventral root subdivisions, as illustrated in Fig. 4. 
There a discharge was set up during the rising phase of a twitch when the whole 
nerve to the flexor digitorum longus was maximally stimulated (C). When the 
ventral root was subdivided, it was found that only one efferent fibre produced 
a similar effect (A), while all the remaining nerve fibres caused only a pause 
during contraction. With tetanic stimulation (B) to the single fibre, a series of 
discharges resulted during the tension rise. This large motor fibre was easily 
identified when recording from the nerve before its entry into the muscle. It 
conducted at 104 m./sec. (D). It is also of interest that this single motor unit 
produced a maximum tetanic tension of 42-5 g., and 15 g. following a single 
stimulus at an optimal initial tension of 10 g. This is considerably in excess of 
previous estimates of the tension developed by individual motor units as de- 
duced from motor fibre counts (Eccles & Sherrington, 1930; Clark, 1931). 
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Fig. 4. Recording of single A-unit response from flexor digitorum longus. Initial tension 25 g. 
BL: baseline discharges. Note differences in sweep speeds. A: single stimulus to single large 
efferent fibre in ventral root filament. B: train of 6 stimuli at 68/sec. to the same efferent fibre 
(artefacts, small downward deflexions). C: maximal single stimulus to whole muscle nerve. 
Note similar discharges during tension rise as in A. D: stimulation of the single efferent fibre 
in ventral root filament, recording from nerve to muscle. Time base 5000 c.p.s. Conduction 
distance 16-2 com, Average conduction velocity 104 m./sec. Potentials: A to C,0-5 mV. Note 
different strain gauge sensitivities. 


Fig. 5. Recording of single A unit from flexor digitorum longus. Left: baseline discharge (BL) and 
response to single maximal nerve stimulus (Single) at initial tensions (IT) of 10, 50, and 100 g. 
Note that discharge during twitch is resumed progressively earlier as tension is raised. Right: 
slower sweep speed. Baseline discharge (BL), and tetanus of 5 stimuli at 10 msec. intervals, 
strength just maximal for contraction. Note artifacts. The discharges again occur earlier as 
initial tension is raised. Potentials 0-4 mV. At IT 10 g. twitch tension 260 g.; strain gauge 
sensitivity reduced for tetanus. 
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Multiple innervation of individual musele fibres mainly accounts for the higher 
tensions recorded. This will be reported at a later date. 8 

In many receptors in which the discharges ceased during contraction, they 
were resumed progressively earlier as the initial tension was raised. An example 
is seen in Fig. 5. At an initial tension of 10 g. a single stimulus to the muscle 
nerve gave a pause during the rising phase of contraction, followed by a group 
of discharges beginning at about the peak of tension. Increasing the initial 
tension to 50 g. caused this group of discharges to begin earlier, actually during 


Fig. 6. Recording of single A unit from soleus. Initial tension, 10 and 100g. BL: baseline discharge. 
N, 10 g. and N, 100 g.: stimulus to nerve just maximal for contraction. Note discharges 
during twitch at 100 g. VR: single stimulus to V. R. 82. Subdivisions 1-5: single stimulus to 
five subdivisions comprising V. R. S2. Note discharges during twitch on stimulation of V (or 
nerve), but not of subdivisions 1-5. Time base 50 c. p. s. 

the rising phase of the twitch, and at a tension of 100 g. the onset was still 

earlier. During a tetanus (5 stimuli at 10 msec. intervals) discharges were 

elicited during contraction even at initial tension 10 g. At higher initial tensions 

(50 and 100 g.) discharges started much sooner. , 

Absence of specific spindle innervation by large efferent twitch-producing nerve 

fibres. The diverse discharge types during contraction, as illustrated in Figs. 2-4, 

were analysed by stimulation of various components of the motor innervation, 

particularly by subdividing the ventral root outflow. The following results 
indicate that this type of response during contraction may not be due to specific 
motor innervation of the muscle spindle. 
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(1) Fig. 6 shows an example of a unit which gave discharges during a twitch 
set up by stimulation of either the muscle nerve (N, 100 g.) or of the second 
sacral ventral root (V2), at an initial tension of 100 g. At a lower tension of 
10 g. only a pause occurred during maximal nerve stimulation (V, 10 g.). When 
this ventral root was divided into five parts and these were stimulated separate- 
ly at an initial tension of 100 g. (subdivisions 1-5), only a pause occurred during 
contraction. When these five subdivisions were subsequently stimulated to- 
gether, they again gave the discharge during contraction. If the responses 
during contraction were a consequence of excitation of muscle elements within 


Fig. 7. Recording of single A unit from soleus. Left column BL: baseline, initial tension 11 g. 
Time base 20 o.p.s. V. and V., submaximal single stimulus to muscle nerve. V., maximal 
stimulus. Note discharges during submaximal contraction and pause during maximal con- 
traction. Right—initial tension 20 g. BL: baseline. Time base 20 c.p.s. VR: maximal single 
shock to V. R. 82. Note the pause. Subdivisions 1-7: single stimulus to seven subdivisions of 
V.R. 82. Each of these causes an increased discharge rate during contraction. 


the spindle, they should have occurred on stimulation of at least one of the VR 
subdivisions. In fact, due to the contraction of fewer of the extrafusal muscle 
fibres when only a portion of the motor outflow was stimulated, excitation of 
the subdivisions separately would provide conditions more favourable for 
demonstration of the effect of intrafusal muscle fibre contraction (see previous 
paper). 

(2) Conversely, in some A units discharges during contraction could be ob- 
tained by stimulation of a number of subdivisions of the ventral root outflow. 
Fig. 7 illustrates an A unit which gave discharges during a submaximal twitch 
(Ni and V.). However, on maximal stimulation of the nerve (V.), or of the 
entire ventral root outflow (VR) to the muscle, there occurred a cessation of the 
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discharge during contraction. When the ventral root outflow was then divided 
into seven parts, stimulation of each of these produced an increased discharge 
rate during contraction (subdivisions 1-7). The seven subdivisions, collected 
and stimulated together, again gave only a pause in the discharge during con- 
traction. If the discharges resulting from stimulation of subdivisions 1-7 were 
due to specific efferent innervation to the spindle, one would have to assume 
that each subdivision contained at least one large diameter nerve fibre to that 
spindle. However, histological data do not support such an assumption. 

From such experiments, it is concluded that the discharges during contraction 
in certain A units, resulting from stimulation of large efferent fibres, are not due 
to activation of the intrafusal muscle elements. An explanation must rather be 
sought in the contractile events outside the muscle spindle. 


Fig. 8. Recording of single B- unit response from soleus. a, 6, and e: single stimuli to muscle nerve 
at increasing strengths. Note gradation of afferent discharge rate with increasing tension. 
There was no baseline discharge at this initial tension of 20 g. d: same as c but faster sweep. 
Single maximal nerve shock. Time 500 c.p.s. Note ‘early discharge’ is followed by a pause 
before ‘usual’ B response begins (see section 4). Maximal twitch tension 340 g. 


(2) B-type receptors 
The responses of these endings during contraction were found to be identical 
with those described by Matthews (1933). Their discharge rate was always 
increased during contraction in relation to the tension developed, as illustrated 
in Fig. 8, a-c. About one-quarter of the endings which Matthews examined 
were of this type. We have the impression, from the examination of about 500 
fibres in the soleus alone, that they may occur somewhat more frequently, 
perhaps up to 40% (Fig. 9). In general, the B units had a high threshold to 
stretch, and many gave no steady discharge with a maintained external tension 
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of 100-200 g. However, occasional B fibres were found to discharge continu- 
ously even at 5-10 g. tension. 

No effect of small - nerve innervation on B receptors has been observed. The 
discharge rate in these units appeared to depend only on the tension developed. 


The lack of any physiological evidence of a specific efferent innervation to these 
units is in accord with their identification as tendon organ receptors. 


_ 


Fig. 9. Above: histological fibre diameter spectrum of nerve to soleus (cat) taken from Lloyd & 
Chang (1948). Below: conduction velocities of individual fibres from stretch receptors in soleus 
plotted against number of fibres. Solid line: A units; broken line: B units. Scale of conduction 
velocity has been made comparable to scale of diameters in upper figure. Note lack of differ- 
ence in velocities in A and B fibres. Both fall into the larger group (I) of the histological 

(3) Conduction Velocities of A and B Fibres 

Conduction velocities of over 200 individual fibres from stretch receptors in the 

soleus were determined by stimulation of the muscle nerve and recording from 

dorsal root filaments: From the stimulus-response interval 0-1 msec. was 
deducted for ‘setting-up’ time at the stimulating cathode (Blair & Erlanger, 

1936). Fig. 9 illustrates graphically the results and the histological afferent fibre 

diameter spectrum obtained from this same muscle nerve by Lloyd & Chang 

(1948). Since the conduction velocity and diameter are directly related, the 

scale of the abscissa has been made comparable, a factor of 6 being used for 

conversion (Hursh, 1939; Gasser & Grundfest, 1939). It is striking that there is 

no consistent difference in conduction velocity between A and B fibres. Also, 

the majority of the stretch afferent fibres fall into group I of the histological 
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spectrum, i.e, the group of largest diameters. The whole conduction velocity 
distribution is slightly shifted in the direction of faster conduction from what is 
expected from the histological data. Some small consistent error in measure- 
ment may be responsible for this discrepancy. 

The group of fibres conducting below 60 m./sec. has not yet been investigated , 
although such fibres have been detected in filaments of the dorsal roots. Many 
of these slow-conducting fibres do not show responses to contractions or to 
stretch of the muscle. | 


Fig. 10. Left: recording from single A unit from soleus at indicated initial tensions and strength of 
single stimulus to muscle nerve. Time base 2000 c.p.s. In each record the first impulse is set up 
by direct stimulation of the afferent fibre within the muscle nerve; the subsequent impulses 
arise from the sensory ending. Note that with maximal stimulation the early discharge varies 
with the initial tension. Also, submaximal stimulation changes number and latency of dis- 
charge. Right: recording from single unit from flexor digitorum longus at initial tension of 
10g. a: early discharge recorded together with earliest onset of muscle action potential. 
b: early discharge recorded together with tension. Strain gauge sensitivity high. Time base 
500 c.p.s. (see text). 


(4) The Early Discharge 
A response not previously described has been detected in many stretch afferents 
following stimulation of the ventral roots or of the whole nerve to muscles. 
This response, termed the ‘early discharge’, consists of several impulses at 
high frequency occurring with a brief latency after stimulation. It was found 
in a large proportion of both A and B units from all muscles which have been 
examined and was seen in decerebrate preparations as well as those anaesthe- 
tized with ‘Dial’. Fig. 10 illustrates such an early discharge in an A unit from 
the soleus. As a result of maximal stimulation of the whole nerve near its entry 
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into the muscle, the afferent fibre is directly excited, resulting in an antidromic 
impulse passing down towards the nerve terminal, and an impulse conducted 
centrally to the dorsal root filament where it is recorded. Thus, the first impulse 
in each sweep of Fig. 10 is the result of direct stimulation of the afferent fibre, 
and its latency provides a measure of its conduction velocity. The subsequent 
impulses conducted in the same nerve fibre can be shown to result from exci- 
tation of a stretch receptor in the muscle. The fact that the ‘directly’ excited 
impulse is identical with those from the receptor, proves that only one afferent 
from this muscle is recorded in the dorsal rootlet. Whenever other fibres were 
present an additional potential was readily seen. Similar early discharges, as in 
Fig. 10, were elicited when the ventral root outflow to the muscle was stimu- 
lated. The number of impulses in the early discharge, and their latencies, could 
be varied by changing the initial tension of the muscle. Thus, maximal stimu- 
lation at a tension of 30 g. (Fig. 10) caused an early discharge of two impulses 
with latencies of 3-8 and 6-7 msec. When the initial tension was reduced to 
10 g., only one impulse was set up by the same stimulation with a latency of 
3-7 msec. The relationship between stretch and the process that causes the 
early discharge has been regularly observed. At a constant initial tension the 
early discharge also showed variation with the strength of stimulation of the 
motor nerve. In Fig. 10, for instance, at an initial tension of 30 g., when the 
stimulus was made submaximal the early discharge was reduced to one impulse 
with a greater latency of 8-7 msec. 

The number of impulses in the early discharge varied from one afferent fibre 
to another. Most frequently it consisted of one to three impulses, and more than 
five impulses were not seen. The frequency of the discharge could be as high as 
600 to 700/sec. In fact, the intervals were sometimes so short that successive 
impulses travelled in the relative refractory periods produced by the previous 
ones and showed, therefore, a decreased amplitude. 

Estimates of the time course of the processes involved in setting up the early | 
discharge are best obtained by simultaneous recording of the earliest onset of 
the muscle action potential. From the interval between the latter and the first 
afferent impulse from the stretch receptor must be deducted the conduction 
time from the sensory ending to the dorsal root filament. After such calcula- 
tions it was found that the first impulse in the early discharge may be set up as 
little as 1-0 msec. after the earliest propagated muscle impulse (Fig. 10 a). The 
latencies between the muscle potential and early discharge were similar when 
the muscle nerve or ventral roots were stimulated. 

When the early discharge was recorded together with the tension changes, 
it often preceded slightly the earliest tension rise at the tendon (0-7 msec. in 
Fig. 106). In comparing these two events the conduction time in the sensory 
fibre was again deducted. 

There appears to be no indication that the early discharge is due to the effect 
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of any specific efferent innervation to the spindles. In the first place it occurs 
in both A and B receptors. Secondly, stimulation of the ventral root outflow 
indicates that this discharge depends essentially on tension development. Thus, 
in a representative experiment an early discharge was elicited on stimulation of 
one portion of the ventral root, but when this was further subdivided into 
several parts, each of these, stimulated separately, gave none. The subdivisions 
when collected again and stimulated together, set up the discharge. In some 
experiments, on the other hand, an early discharge was obtained on stimulation 
of a whole ventral root and of several of its subdivisions. 

Since the above experiments show that the early discharge is not caused by 
a specific efferent innervation acting on stretch receptors, one has to look for 
some other excitatory mechanism. An excitation of the stretch receptor by 
‘direct’ action of the muscle action potential is quite unlikely, since the phe- 
nomenon (i) dépends on muscle tension, (ii) can be caused by excitation of 
motor units (cf. above), each of which would not be expected to cause potential 
changes sufficient for excitation in the immediate receptor surround, and (iii) 
the latency prolongation with lowered muscle tension may be up to 6 msec., 
a delay too long for a strong excitatory effect of the muscle action potential to 
persist. One therefore has to assume that the early discharge is caused by 
tension changes which arise within the muscle before they are recorded myo- 
graphically. This is not unreasonable, since it is known from Hill’s work (1949) 
that even under the most favourable conditions for recording, a considerable 
delay is present between the actual tension rise within the muscle and its 
detection at the tendon. 

The early discharge cannot be the result of ‘simple’ stretch on elements in 
series with the receptor. Otherwise it would be expected quite regularly in B 
receptors, and not in A units. Furthermore, there is always a distinct interval 
between the early discharge and the onset of the ‘regular’ B response (Fig. 8d). 
One may perhaps think that the initial shortening in different contractile 


elements proceeds at slightly different rates, resulting in a short transient rise 
of tension in some receptors. 


‘DISCUSSION 


Matthews (1933) found that some 25% of the units from cat muscles showed 

a pause in the baseline discharge during submaximal contraction, but with 
near- maximal stimulus strength (80-130 % of maximal) an increased discharge 
rate resulted during contraction. This effect (A,) consisted of a group of dis- 
charges during the rising phase of a twitch response and frequently depended 
on the presence of considerable initial muscle tension. Many afferent units 
examined in the present study showed similar responses. Whenever discharges 
with maximal single stimuli appeared, they became more pronounced during 
a tetanus. As far as can be determined from stimulus strengths, the efferent 
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fibres producing these effects belong to the large fibre group. In a few units 
afferent discharges have been evoked during a twitch, only when the stimulus 
strength was increased to about 25%, above that necessary to cause apparently 
maximal contraction. However, on ventral root subdivision the efferent fibres 
producing this effect were still shown to be twitch-producing fibres of the large 
group. Some units also gave discharges during contraction with half maximal’ 
or even weaker stimulation. Thus it appears that stimulation of large efferent 
fibres of diverse threshold and size can evoke discharges in A units during 
contraction. 

In the preceding study (Hunt & Kuffler, 1951) evidence was presented that 
all afferents which arise in muscle spindles can be excited by small-nerve fibres 
through their action on the intrafusal muscle fibres. Since the same muscle 
afferents may also be caused to discharge by stimulation of the larger ventral 
root fibres, an attempt was made to decide whether the latter also innervate 
the spindle intrafusal elements. It is known from histological studies (for 
references see Barker, 1948) that the mammalian muscle spindle can receive one 
or perhaps two efferent fibres of 6-7 . in diameter, in addition to a larger num- 
ber of smaller fibres of 3-4 u., as measured within or near the spindle. However, 
the average diameter of these fibres during their course between the ventral 
roots and the muscle is not known. 

The diameters of the efferent fibres in the muscle nerves are distributed in 
two distinct groups, the larger having a peak of around 10-14 K., the smaller 
about 4 to 5 h. The efferent fibres of 3-4 fl. at the spindle certainly belong to the 
latter group which has been the subject of the present ‘small-nerve’ studies. 
The 6-7 u. fibres may also belong to the small-nerve group but might possibly 
be derived from the large ventral root fibres, their diameter reduced by tapering. 
In the latter case they would not innervate the spindles exclusively because it 
has been shown that all the large fibres set up motor unit twitch responses in 
the extrafusal muscle fibres (Kuffler et al. 1951). In the frog, Katz (1949) has 
clearly shown that large efferent fibres innervating extrafusal elements may also 
send branches to the intrafusal muscle fibres of the spindle. 

Although it could not be excluded with certainty that large nerve fibres in 
the cat may sometimes innervate both intrafusal (spindle) and extrafusal 
muscle fibres, it was never found to be so in all instances examined in this study. 
This was clearly shown whenever the ventral root contribution to muscles was 
scrutinized by stimulating its components separately (section 1). One may 
therefore conclude that the largest efferent fibres to the spindles which were 
studied do not arise from the large diameter group of ventral root fibres. It 
would also be difficult to assume that the responses during a twitch, set up by 
large nerve fibres, are the result of intrafusal muscle fibre contraction, since 
similar responses are not seen when these same muscle spindle elements are 
excited by small-nerve fibres. Since the 3-4 FU. as well as the 6-7 E. efferent 
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fibres to a spindle may innervate a number of intrafusal muscle fibres (Barker, 
1948), there is no a priori reason to expect a great difference in their effective- 
ness. If a difference did exist, however, two types of excitatory processes 
might have to be postulated for nerve fibres innervating the same structure, 
such as propagated responses set up by ‘larger’ fibres and local activation by 
the smaller fibres. This appears unlikely. 

Since large efferent nerve fibres can cause discharges during contraction in 
some spindle receptors without excitation of intrafusal elements, an explanation 
must be sought in an effect produced on the spindle by activation of the extra- 
fusal muscle fibres. The most apparent assumption is that some spindles, by the 
peculiarity of their insertion, may lie ‘in series’ with certain contracting muscle 
fibres so that they are pulled upon during contraction. Although the experi- 
mental findings show that under most conditions spindles respond as though 
they were in parallel to the contracting muscle fibres, some variations in the 
mode of their attachments are likely, particularly in complex muscles. In 
addition to such explanations certain of these responses may be due to 
tension changes on strategically located spindles which may result from forces 
arising from unequal rates of contraction in elements of the same muscle. 
In this regard, Gordon & Holbourn (1949) have recently demonstrated 
variations in the time course of contraction in different portions of the same 
muscle, 

A number of units had a short ‘silent’ period at the onset of contraction 
followed by a train of impulses beginning during the tension rise, particularly 
at high initial tensions (Fig. 5). The onset of discharges probably reflects the 
beginning of re-extension of the spindle following shortening of the contractile 
elements. Hill (1949) has shown that the ‘activation’ of the contractile ele- 
ments in muscle begins abruptly at the end of the latent period. His analysis of 
the intensity and duration of this contractile ‘activation’, by the application of 
sudden stretches to the muscle during different periods of the twitch response, 
indicates that the intensity of the ‘active state’ begins to decline before the 
twitch tension recorded from the tendon has reached a maximum. Thus, tension 
changes within the muscle during contraction may be reflected in the spindle 
discharge before they are recorded at the tendon. If such an explanation is 
correct for this type of discharge occurring during a twitch, then one may 
assume that the discharge during a tetanus results from a rapid series of re- 
extensions. This would imply an intermittence in the ‘active state’ of the 
contractile elements at frequencies as high as 100/sec. Support for such a view 
is provided by the observation that certain B units discharge at the frequency 
of stimulation during a tefanus, even if the latter is considerably higher than 
that required to cause fusion of the tension response recorded at the tendon. 

The ‘early discharge’ has been found in a large number of stretch afferents of 
both the A and B type. This brief, high-frequency burst of impulses is set up 
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with a short latency after motor activation of the muscle. It is not clear whether 
this discharge has any relation to the secondary centripetal discharge recorded 
in the dorsal roots after excitation of the muscles through the ventral root, as 
found by Lloyd (1942). His calculation of the latency of the latter discharge 
indicates that its onset occurs somewhat earlier than the early discharge. Both 
processes, however, are set up by muscle contraction and are abolished by 
paralytic doses of curare. The function of the early discharge is not known, but 
its frequent occurrence suggests that it may have some significance. 

The conduction velocities in fibres from A and B receptors are similar, 
indicating that impulses from both type endings travel in fibres of similar 
diameter. The calculated diameters of most stretch receptor fibres examined 
fall into group I of the histological spectrum (Lloyd & Chang, 1948). The fastest 
conduction velocities are in accord with Lloyd’s observations (1943) on the 
maximum velocity of afferent fibres responding to brief stretch. Such fibres 
from the gastrocnemius have an average maximum velocity of 116 m./sec. and 
set up the reflex response to brief stretch through arcs of two neurones. 

It is not yet certain what type of reflex effects A and B fibres may have. On 
excitation of the myotatic reflex by brief, near-threshold stretch the afferent 
discharge will be largely set up in A units, since these usually have lower thres- 
holds to stretch than B receptors. However, depending on the rate and magni- 
tude of stretch a number of B endings will also be excited. When reflex effects 
are studied by electrical stimulation of group I fibres in muscle nerves, it is 
likely that A and B fibres are stimulated in proportion to their relative numbers, 
since no threshold differences to this type of excitation can be expected. Assu- 
ming that A and B fibres produce different effects, like excitation and inhibition, 
the reflex response to electrical stimulation of all group I fibres would depend 
on the interaction between these effects. 

Most B fibres have no continuous discharge during moderate amounts of 
steady stretch but may respond to small increments, if suddenly applied. 
During reflexly maintained contraction, such as that concerned with posture, 
only a fraction of the motor units are excited and the moderate tension deve- 
loped is sustained and without sudden fluctuation. Under these conditions the 
afferent discharge from stretch receptors should be mainly in the A fibres. It 
seems reasonable to assume that the discharge in A units is responsible for 
this type of reflex excitation. | 

Following the stretch reflex activation of a muscle, there is a period of 
‘silence’ in the impulses from muscle fibres (Denny-Brown, 1928), not only in 
the muscle which was stretched, but also in adjacent muscles. The afferent 
discharge evoked during the reflex contraction is largely in B units, while 
activity in A fibres ceases or diminishes in rate. It has been suggested that the 
‘silent period’ observed in the adjacent muscles depends on an inhibitory effect 
produced by the B fibres. It therefore seems likely that the reflex effects of A 
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units are excitatory and that the B fibres may produce, in part at least, some 
inhibition. However, there has not yet been a direct demonstration of different 
effects produced by A and B fibres. 


SUMMARY 

1. Responses of over 700 individual stretch afferents have been observed 
from various hindlimb muscles of cat, in particular from the soleus. By their 
discharge patterns during contraction these afferents have been classified as A 
and B units according to Matthews’s (1933) nomenclature. 

2. The A receptors usually have a low threshold to stretch and cease to 
discharge during contraction, particularly when external muscle shortening 
occurs. They are presumed to arise from muscle spindles. 

3. Under certain conditions the A units may show discharges during con- 
traction. These responses may be set up by efferent small-nerve fibres. A units 
may also show responses during contraction when only larger, twitch-producing, 
efferent nerve fibres are excited. These responses usually occur only when the 
muscle is under high initial tension. Such discharges during contraction are not 
thought to be due to nervous activation of the muscle elements within the 
spindle, but rather to tension changes on the spindle produced by the con- 
tracting extrafusal muscle fibres. It is concluded that intrafusal muscle fibres 
in the cat are not innervated by large motor-nerve fibres which cause the muscle 
twitch responses. 

4. B-type receptors usually showed a higher threshold to stretch, and their 
discharge rate was accelerated during contraction. They are considered to arise 
from tendon organs (Matthews). 

5. Conduction velocities of 200 individual stretch afferents from the soleus 
ranged from 60 to 125 m./sec. with a peak between 90 and 110 m./sec. These 
correspond to the distinct large group of the afferent fibre diameter spectrum 
from this muscle nerve. No difference in conduction velocity between A and B 
fibres was found, indicating that impulses from both type receptors travel in 
fibres of similar diameter. 

6. A discharge arising from many A and B stretch-receptors has been de- 
scribed, consisting of one to five impulses at high frequency occurring with 
brief latency after stimulation of the motor outflow to muscles. This has been 
termed the ‘early discharge’. Its onset may occur within 1-0 msec. after the 
earliest onset of the muscle action potential, and it is believed to result from 
early tension changes within the muscle. 


7. The role of different stretch afferent fibres in reflex function is briefly 
discussed. 
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EFFECTS OF DIRECT CURRENTS ON THE ELECTRICAL 
ACTIVITY OF THE SPINAL CORD 


By C. AJMONE MARSAN, M. d. F. FUORTES anp F. MAROSSERO 
From the Clinica Malattie Nervose e Mentali, Torino, Italy 


(Received 10 July 1950) 


Scheminzky (see Scheminzky, 1940, 1947, and the papers quoted therein) has 
shown that constant currents flowing longitudinally along the vertebral column 
of frogs can evoke muscular inhibition (Galvanonarkose) if the cathode is 
situated caudally, and muscular spasm (galvanischer Krampf) if it is cephalic. 
Evidence exists that the phenomenon is of central origin (Köllensperger & 

Scheminzky, 1938), and the interpretation has been suggested (Scheminzky, 
1940) that it is due to electrotonus of some ‘functionally polarized’ nervous 
elements situated in the spinal cord. 

Bremer (1941) confirmed Scheminzky’s results, observing that currents flowing 
between the upper regions of the spinal cord and a hindlimb (in mammals) 


reduce or increase, according to their direction, the slow potentials which can 


be recorded from the anterior horns of the spinal cord following excitation of 
a dorsal root. 

Winterstein (1948) found that when the cathode was placed on the spinal cord 
of frogs, increased motor activity resulted, no matter where the anode was 
located upon the animal’s body, and therefore he rejected the assumption of 
a functional polarization of spinal elements. Rowinski (1948) based a similar 
conclusion on theoretical considerations. Scheminzky (1948) argued, however, 
that the probable presence of curved lines of current renders Winterstein’s 
results acceptable in the frame of his own original interpretations. 

Quite recently, v. Baumgarten (1949) has shown that when current flows 
between two electrodes placed at the two opposite ends of the vertebral column 
of frogs, opposite motor effects can be obtained not only by reversing the 
polarity of the electrodes but also simply by displacing the trunk of the sciatic 
nerve. From these results he infers that Scheminzky’s effect is conditioned by 
the electrotonic polarization of peripheral nerves. 


In the present research, part of which has been previously reported (Ajmone 


Marsan, Fuortes & Marossero, 19496), an approach to the interpretation of 
Scheminzky’s phenomenon was attempted by studying the actions of galvanic 
currents on the rhythmical activity of the spinal grey matter of mammals. 
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METHOD 
Decerebrated or anaesthetized cats and dogs were used for the experiments. The animals were 
deeply curarized, and artificial respiration was performed. The rhythmical potentials were led off 
from the anterior horns (histological control) by means of steel electrodes and recorded with a 
Grass ink-writing oscillograph which could follow frequencies of 5-70 cyc./sec. Other details of 
the recording technique have been described elsewhere (Ajmone Marsan et al. 19494). As polarizing 
electrodes, chlorided silver wires or plates have been used. The intensity of the current could be 
smoothly increased up to 30 mA., but as a rule maximal values of 2-8 mA. have been used. The 
location of the polarizing electrodes was varied in different series of experiments, and is referred to 
in the following section. 
| RESULTS 
When both polarizing electrodes are placed in or around, or are inserted into, 
the spinal cord, the electrical activity being recorded by means of electrodes 
placed between them, only minor changes, similar for both directions of the 
current, are observed (Fig. I). If the cephalic electrode is placed upon or around 


Fig. 1. Cat. One polarizing electrode on the cervical region of the cord, other just caudal to the 
lumbar enlargement. Recording electrodes inserted in the lumbar enlargement. Ist record: 
resting activity; 2nd: cervical polarizing electrode negative, current 10 mA.; 3rd: cervical 
polarizing electrode positive, current 10 mA. 


the lumbar enlargement of the spinal cord and the distal one is on a peripheral 
nerve trunk of the sciatic plexus, or surrounds a group of both sensory and motor 
roots, increase of activity is sometimes observed when the cephalic electrode is 
negative, while, when the current flows in the opposite direction, no consistent 
change is induced, and in particular no appreciable flattening of the spinal 
waves is observed* (Fig. 2). Finally, if the dorsal roots are severed leaving the 
electrodes in the same position as above (as in Bremer’s experiments), or if the 
caudal electrode is placed around a group of ventral roots, the flow of current is 
accompanied by tetanic hyperactivity when the cathode is cephalic (Fig. 3), 
and some depression can occasionally be noted when it is caudal. 

In these conditions, electrical phenomena consistent with the motor effects 
studied by Scheminzky, Fuortes & Köllensperger (1939) are sometimes 
observed, i.e. effects opposite to those which are present during the flow of 
current may follow its interruption. 


* As the resting activity of the spinal cord was generally scarce, little effect could be expected as 
a consequence of the flow of ‘descending’ currents: moreover, it should be noted here that potential 
oscillations may be generated by iron electrodes in an ionic conductor, in the presence of polarizing 
current (B. H. C. Matthews, unpublished), and thus flattening of the waves could be obscured or 
increase of activity simulated, by purely physical factors. 
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The spinal hyperactivity evoked by ascending ’ currents is formally identical 
to the one induced by strychnine poisoning. Moreover, the action of the drug is 
additive with that of stimulating direct currents in the sense that both voltage 
and regularity of the strychnine waves are increased by ‘ascending’ current 


Fig. 2. Cat. Cephalic polarizing electrode on the cervica region, distal around a group of dorsal 
and ventral roots emerging from the lumbar enlargement. Recording electrodes inserted in the 
lumbar enlargement. Ist record: resting activity; 2nd: cervical polarizing electrode negative, 
current 2mA.; 3rd: cervical polarizing electrode positive, current 2 mA. 


Fig. 3. Cat. Cephalic polarizing electrode around the cervical region, distal around a group of 
lumbar motor roots. One couple of recording electrodes inserted in the lumbar enlargement, 
another couple in ong muscle of the hindlimb (all recording electrodes ipsilateral to distal 
polarizing electrode). Ist record: resting activity of spinal cord; 2nd: resting activity of 
muscle; 3rd: cephalic polarizing electrode negative, current 2 mA., spinal activity ; 4th: same, 
muscular activity. 

flow (Fig. 4) (see Bremer, 1941, p. 74), while ‘descending’ currents have a well- 

evident depressant effect on the tetanic activity induced by strychnine (Fig. 5). 

These findings are in agreement with what eee (1940) has observed 

with relationship to the motor activity. 


DISCUSSION 
The opposite effects of direct currents flowing in opposite directions on the 
electrical activity of the anterior horns are consistent with the motor effects 
observed by Scheminzky and co-workers in frogs: it is therefore assumed that 
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the changes described above are the electrical correlates of Scheminzky’s 
phenomenon. If this assumption is correct the present results confirm Sche- 
minzky’s original view that the locus of action of the current is situated within 
the spinal cord. Fuortes & Scheminzky (1939) have observed that the stimu- 
lating action of longitudinal direct currents is more marked and more easily 


Fig. 4. Cat. Polarizing and spinal recording electrodes as in Fig. 3. let record: spinal activity 
during submaximal strychnine tetanus; 2nd: cephalic polarizing electrode negative, current 
2 mA. Note different amplification. 


0 


Fig. 5. Cat. Electrodes as in Fig. 4, but muscular records omitted. Ist record: spinal activity 
during strychnine tetanus; 2nd: cephalic polarizing electrode positive, current 2 mA. 


obtained in the hind- than in the fore-limbs of frogs: considering that the lumbar 

roots lie in the same axis of the cord while the higher roots have a more 

divergent course when they leave the upper spinal regions, the present ex- 

periments seem to agree with this latter finding as well as with all other 

experimental results, to show that the effects of direct currents on the spinal 

_ structures are most easily obtained when the current follows a path including 
the spinal cord cephalically and the motor roots caudally. 
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It is known (Barron & Matthews, 1938) that currents flowing with appropriate 
direction along a similar path evoke repetitive discharge of the motor neurons, 
caused by the depolarization of the neuronal body, while currents of opposite 
direction cause inhibition of the reflex discharge of impulses. It seems therefore 
likely that Barron & Matthews’s direct-current excitation and inhibition of the 
motor neurons constitutes the basis of Scheminzky’s phenomenon. In this 
latter phenomenon, however, other factors may also play a role, due to the fact 
that spinal structures other than the motor neurons are included in the current 

th. 
we the pattern of the electrical activity of the anterior horns evoked by the flow 
of stimulating current displays typical signs of synchronization of the individual 
potential oscillations, it follows from the above-mentioned suggestions that, 
synchronized rhythmicity of pools of neurons can be obtained through the 
depolarization of the active units, possibly as a consequence of a uniform in- 
crease of their activity. As far as most of the arguments raised by Winterstein 
(1948), Rowinski (1948) and v. Baumgarten (1949) are directed to challenge 
Scheminzky’s suggestion of ‘functional polarization’ of spinal elements, it 
might be stated here that, in the view of the present authors, the concept of 
‘functional polarization’, in the broad sense in which Scheminzky (1940) has 
defined it, is not contradictory with the interpretation suggested above. The 
morphological organization of the spinal cells, as Levi (1948) has pointed out 
with reference to this problem, is not ordered in a prevailing direction, but it is 
clear that a preferential direction exists in the orientation of the axons of the 
motor cells, and it is suggested here that these axons constitute a channel 
through which applied direct currents can easily act upon the motor neurons. 
Indeed, Scheminzky’s concept of ‘functional polarization’ makes it easy to 
conceive how a current flowing along the whole vertebral column may act 
mainly upon the motor neurons, as it is probable that the neurons of the 
anterior horns (somata and axons) are the only systematically oriented units 
of the cord. 

The present suggestion seems to be well consistent with Scheminzky’s results 
and interpretations, and to offer a possible explanation of apparently con- 
tradictory results of other authors. 


SUMMARY 
1. Direct currents flowing (in mammals) along a path including the spinal 
cord cephalically and the motor roots caudally evoke changes in the rhythmical 
activity of the anterior horns, which are opposite for opposite directions of the 
current: if the cephalic electrode is negative, increase of the activity (up to 
synchronized tetanic hyperactivity) may follow, while flattening of the waves is 
observed if the cathode is caudal. 
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2. These effects are similar and additive to those evoked by strychnine. The 
actions of the current fail or are less evident when the current is made to flow 


longitudinally along the cord, or to follow other pathways including other 
spinal and peripheral structures. 


3. It is suggested that Scheminzky’s Galvanonarkose and galvanischer 
Krampf are fandamentally due to the direct-current excitation and inhibition 
of the spinal motor neurons, demonstrated by Barron & Matthews. 
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THE ESTIMATION OF CHORIONIC GONADOTROPHIN, 
USING THE MALE BRITISH TOAD BUFO BUFO 


By J. F. D. FRAZER anv F. X. WOHLZOGEN* 
nnn Department, St Marys Hospital Medical School, London 
(Received 10 July 1950) 


In 1947 Galli Mainini introduced the male toad pregnancy test, using the giant 
South American species Bufo arenarum Hensel, and showed that this method 
gave very accurate results (Galli Mainini, 1947). This was soon followed by 
workers in various parts of the world using other species of toads, all of which 
proved suitable, Galli Mainini (1948) has given a survey of the results obtained 
by South American workers. McCallin & Whitehead (1949, 1950) have reported 
the use of the North American B. Woodhousit and B. americanus; Bhaduri & 
Bardhan (1949) in India used B. melanostictus and B. stomaticus; in Europe, 
B. vulgaris, B. calamita and B. viridis have been successfully used by Cerquiglini 
(1948) and Hinglais & Hinglais (1948). In England, the suitability of the male 
common British toad B. bufo, and the accuracy of results of pregnancy tests 
using it, have been the subject of reports by Klopper & Frank (1949) and 
Frazer & Wohlzogen (1949, 1950). 

Numerous South American workers, whose work is reviewed by Houssay 
(1947), have investigated the process of the liberation of spermatozoa in 
B. arenarum. All these male toad pregnancy tests rely on the action of chorionic 
gonadotrophin, which, on injection, causes the liberation of sperms from the 
testis of the toad: it is assumed that this action is the same for all species of 
Bufo where ripe sperms occur in the testis throughout the year. In his paper, 
Houssay has also suggested that B. arenarum is a suitable animal for the rough 
assay of gonadotrophins in pregnancy urine, and states that a strong reaction 
is produced with 50-100 i. u., a moderate one with 25-40 i.u., and a slight one 
with 15-20 i. u. Galli Mainini (1947) asserts that in this species, 40 i.u. is the 
minimum dose required to cause the majority of males to respond. These findings 
suggest that no very accurate results can be expected; in addition, large doses 
of gonadotrophins are necessary in this species. 

When it had been shown that B. bufo was a suitable experimental animal for 
pregnancy tests, it was decided to investigate the possibility of using this 

* British Council Fellow, 1948-9. 
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Foreſeet of male (left) and female (richt) Bufo bufo to show sexual characteristics. 


To face p. 323 


r 
1 
4 
*. ¢ 
| 
* 
* 
= 
ive 
A 
4 
⁊ j 
— 
| 


CHORIONIC GONADOTROPHIN ASSAY | 323 
species for the estimation of chorionic gonadotrophin, since preliminary experi- 
ments had already shown that the threshold dose of chorionic gonadotrophin 
(ED 50, i.e. the dose which is effective in 50% of the experimental animals) was 
around 8 i. u. (Frazer & Wohlzogen, 1949). 


METHODS 


For the work on the determination of the threshold dose of gonadotrophin, standard chorionic 
gonadotrophin (supplied by the International Standards Department of the Medical Research 
Council) was used. Estimations of samples of unknown strength were carried out on human 
pregnancy urines from various sources. 

The toads used for estimation weighed between 15 and 30 g. (Frazer & Wohlzogen, 1950). When 
selecting these, the males may be identified by the following points: 

(a) Nuptial pads are present on the first and second fingers (Pl. 1). The colour of the nuptial pad 
varies according to the interval since the last moult. Shortly after the skin has been shed the pads 
are pale pink, and later darken gradually to a chocolate colour. 

(6) The first and second fingers are thicker than the third and fourth. 

(c) There is strong muscular development on the forearms. 

(d) Croaking may be elicited easily in almost every male by gentle stroking of the ventral skin. 

During the experiment, the toads were kept in pairs in 400 ml. beakers, the bottoms of which 
were covered with moist filter-paper. No special care was taken to keep the toads in light of parti- 
cular intensity, but direct sunlight was avoided. The temperature during the experiments was 
approximately 20° C. 

The technique used, similar to that already described for pregnancy tests (Frazer & Wohlzogen, 
1950), was as follows. Immediately before injection, a sample of toad’s cloacal urine was examined 
to check that spermatozoa were absent. The technique of catheterization of the toads and micro- 
scopical examination of their urine has been described previously (Frazer & Wohlzogen, 1950). 
A standard solution of 1 ml. was injected into the dorsal lymph sac of each male toad, particular 
care being taken to see that there was no reflux of the injected solution by using a very fine hypo- 
dermic needle (no. 17), puncturing the dorsal skin anterior to the pelvis and passing the point of the 
needle back towards the tip of the urostyle, withdrawing the needle very slowly after injection, and 
handling the toads gently to keep them quiet. Struggling can often lead to the expulsion of some of 
the injection mass through the skin puncture. If reflux occurred in spite of these precautions, the 
toad was rejected, as a loss of one drop (approx. 0-05 ml.) represented a loss of as much as 5% of 
the solution injected. Three hours after injection, a second sample of urine was taken, examined 
microscopically and the result noted as + or according to whether spermatozoa were present 
or absent. In positive cases, the actual number of sperms present was disregarded. 


RESULTS 


The results of injection of 100 toads with standard chorionic gonadotrophin 
dissolved in water are given in Table 1. Since many estimations were made on 
pregnancy urine, a group of twenty-five toads was injected with chorionic 
TBE I. Relationship of dosage of chorionic gonadotrophin injected 
and response of the male toad, Bufo bufo. 
No. positive Peroentage 


Dosage (i.u.) No. of toads results positive 
6 20 2 10 
7 10 3 30 
8 40 | 21 52-5 
9 10 6 60 
10 18 90 
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gonadotrophin dissolved in urine from normal non- pregnant women. No 
significant difference from the results obtained with gonadotrophin dissolved 
in water was found. Table 1 indicates that approximately 50% of positive 
results occur when 8 i. u. are injected, i.e. the ED (50) (Gaddum, 1933) is ap- 
proximately 8 i.u. In order to obtain ED(50) more accurately, the regression 
line of the normal equivalent deviation of Table 1 was plotted against the 
logarithm of the amount injected (Text-fig. 1). The equation of the resultant 
line was worked out as y= 11-132 — 9-99. | 
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Log (dose in l. u.) 


Text- fig. 1. Normal equivalent deviation of responses plotted against logarithm of dose. 
The line was drawn from the formula y= 11-132 9-99. 


Log ED(50) is the point on the abscissa corresponding to an ordinate of 0. 
This gives the value for ED (50) of 7-9 i. u. 

In order to consider whether the weight of the toads affects the response, the 
results were arranged in five weight groups: I, 15-17 g.; II, 18-20 g.; III, 
21-23 g.; IV, 24-26 g.; V, 27 g. upwards. The details are conveniently sum- 
marized in the histogram (Text-fig. 2), in which each toad in each weight range 
is represented by a square. A white square represents a toad which did not 
respond and a black square one which gave a positive response. 


In view of the comparatively small number of toads from each weight group, 


it is impossible to assert that any skew deviation in the weight-response curve 
(e.g. in the 8 i.u. group of toads) is not purely a chance one, As it appears that 
toads from groups I and V gave a somewhat higher or lower percentage of 
responses than those from the remaining groups, it is considered advisable to 
confine the toads used for assay purposes to the 18-26 g. range. 
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It is usually convenient to work with pairs of toads, and it is possible (from 
use of the formula already quoted for the regression line) to assess the meaning 
of the results obtained with a pair of toads when each is injected with 1 c. c. of 
a solution of chorionic gonadotrophin. For this purpose, a level of significance 
of 0-05 is taken (Fisher & Yates, 1948). If two positive results are found, then 
the injected dose may be assumed to be greater than 22-36% of ED (100), i.e. 
greater than 6-75 i.u. (from the regression line). In a similar way, two negative 
results may be taken to indicate that the injected dose is less than 9-24 i. u. 
If one positive and one negative result occur, a significance of 0-05 is obtained 
if it be assumed that the dose lies between 5-24 and 11-9 iu. It is found 
possible to estimate the gonadotrophin level in any particular solution with an 
accuracy of + 10%, provided that six to twelve pairs of toads of the suitable 
weight range are used. (See Appendix for method of evaluating results.) 


6i.u. 7 i. u. 8 10 u. 


4 
Ne 
of toads 20 10 10 20 
No. positive 2 3 6 18 
% positive 10 30 52:5 60 90 


Text-fig. 2. Results of gonadotrophin assay on 100 toads, divided into five dose groups (6, 7, 8, 9, 
10 l. u.), each subdivided into five weight ranges (I V, the lowest being on the left. Each black 
square represents a toad which gives a positive response, while each white square represents 
a negative result. 


The technique evolved was as follows. Pairs of toads were injected, as 
described above, with various dilutions of urine or, if necessary, of the urinary 
gonadotrophins after these had been concentrated twenty times by the method 
of Scott (1940). It proved convenient to represent the results graphically, the 
volume of urine corresponding to each injection being plotted against the 
gonadotrophin levels, as deduced from the results with each pair of toads. The 
gonadotrophin levels being of the nature of ‘less than 9-24 i.u.’ or “more than 
6-75 i. u.“, this is indicated by the use of arrows in connexion with the points 
plotted. When the results have been represented in this way, it is possible to 
draw two lines from the origin which bound a sector within which must lie the 
line relating the volume of urine to its gonadotrophin content. One of these 
lines will pass through the left-hand arrow pointing up and the other through 
the right-hand arrow pointing down. 
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The figures and inferences from an actual estimation are given in Table 2 
and plotted in Text-fig. 3, where the sector already mentioned gives the range 
within which the gonadotrophin concentration must lie. By reading where this 
sector cuts the 1 ml. ordinate, it is readily seen that the gonadotrophin level lies 
between 10-48 and 12-32 i.u./ml. 


Tastx 2. Figures from an actual gonadotrophin estimation. 


No. of ml. of Result 
in injection Toadl ‘Toad 2 Inference (i. u.) 
0-4 — — <9-24 
0-5 + — 5-24-11-9 
0-6 + — 6-24-11-9 
0-75 - - <9-24 
10 + + > 6-75 
1-26 + + >6-75 
147 
i 
a 
3 i 
4+ ! 
! 
j L 1 
Urine (ml.) 


Text-fig. 3. Graphical representation of results of experiment to decide level of gonadotrophin in 
urine sample. By noting where the 1 ml. ordinate outs the two lines from the origin, it is found 
that 1 ml. contains 10-48-12-32 i. u. (For further explanation, see text.) 


The injection of several pairs of toads with various dilutions is a simpler 
matter than to attempt greater precision by using more toads for any particular 
amount of urine. 

DISCUSSION 
In view of the findings of Bach & Szmuk (1949), when using frogs, that the 
threshold becomes much higher in winter, it seemed that there might be some 
seasonal variation in threshold in B. bufo. To obviate this, all the results given 
here were obtained during the months of August and September. However, 
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toads kept in a warm room have shown no variation in threshold between the 
months of August and May. Possibly the variation occurring in the frogs may 
be explained by the work of Hinglais & Hinglais (1949), showing that frogs (but 
not toads) will respond to the injection of adrenaline by the shedding of sperma- 
tozoa from the testis. 

It was found that repeated use results in a slower response, hence it is con- 
sidered inadvisable that toads should be used more than twice for purposes of 
assay. Bieniarz’s (1950) explanation of this slowing of the response in edible 
frogs (Rana esculenta) is that repeated use temporarily empties the testis of 
sperms, and this probably holds good also for Bufo bufo. 

It should be noted that Houssay (1947) has stated that the number of sperms 
in the urine of B. arenarum varies with the dose of chorionic gonadotrophin, but 
in B. bufo we have found this relationship uncertain. Although a constant 
number of sperms may be liberated from the testis, the number present in any 
drop of urine will, of course, vary according to the amount of urine in the cloaca 
at the time. 

An advantage in the use of B. bufo (as with all other toad species investigated) 
lies in the fact that, unlike certain other biological methods for the estimation 
of gonadotrophin, there is no necessity to separate off oestrogens before injecting 
the animals (Houssay, 1947). This means that there is no disadvantage in 
employing a method such as that of Scott (1940) for the concentration of 
gonadotrophin in urine. Allowing for his standard error of 4 15%, Loraine 
(1950) has shown that recovery of gonadotrophin by this method is complete, 
and in experiments with known amounts of standard chorionic gonadotrophin 
we have confirmed this. 

Further advantages of the use of B. bufo are considered to lie in the accuracy 
with which estimations can be made, the comparatively small number of toads 
required for each estimation, the speed with which the result may be obtained, 
and the low cost of the animals, which may be re-used (once only) after 1 week. 


SUMMARY 


1. A method is described for the estimation of chorionic gonadotrophin, 
using the male British toad (Bufo bufo). 

2. In this species the threshold value for standard chorionic gonadotrophin 
lies between 6 and 10 i. u., 50% of positive results being obtained with 
7-9 iu. 

3. A graphical method is described for evaluating the results of estimations. 

We are greatly indebted to Prof. A. St G. Huggett for facilities, encouragement and advice 
extended to us in this investigation, the expenses of which have been in part defrayed by a grant 
to Prof. Huggett by the Medical Research Council. 


We are also indebted to Prof. J. H. Gaddum, F. R. S., who kindly read the original manuscript and 
gave us helpful suggestions and advice on the statistical methods which could be applied to our 
results, 
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Our thanks are also due to the Photographic Department of St Mary's Hospital Medical School, 
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APPENDIX 
Method for evaluation of results in terms of amount of gonadotrophin 

The level of significance is taken as 0-05. Let p be the probability of getting a positive result. 
Now consider the three different possibilities: 
I. Where both toads give a positive response 

The probability of this occurring is p*. 

When p* = 0-05, then p =./0-05 =0-2236; therefore injected dose contains not less than ED (22-36). 
This corresponds in the formula for the regression line to y= — 0-763; therefore 


11-132 =9-99 — 0-763 = 9-23, 
therefore x=0-8292 and antilog z=6-75; 
therefore dose contains not less than 6-75 i.u. gonadotrophin. 
II. Where both toads give a negative response 
The probability of this occurring is (I- p)*. 
When (1 — p)* =0-05, then p=0-7764. Here y= + 0-763 in the formula; therefore 
11-132 =9-99 + 0-763 = 10-75, 
therefore z=0-9658 and antilog 2 = 
therefore dose contains not more than 9-24 i.u. gonadotrophin 


III. Where one toad gives a positive response and one toad a negative 


(a) The probability of getting two positives is p*, so the probability of getting less than two 
positives is 1p. 
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If 1-p*=0-06, p*=0-95, therefore p =0-9747; i.e. dose contains not more than ED (97-47). 
Here y = + 1-982; therefore 
11-132 =9-99 + 1-982 = 11-97 
therefore 410754 and antilog æ 11-9; 
therefore dose contains not more than 11-9 i. u. gonadotrophin. 
(b) The probability of getting less than two negatives similarly corresponds to a figure of 
y = — 1-982; therefore 11-132 =9-99 ~ 1-982 =8-01, 


therefore z=0-7197 and antilog r—5-24; 


therefore dose contains not less than 5-24 i.u. gonadotrophin. 


Hence if one positive and one negative result are obtained, the injection mass must contain 
between 5-24 and 11-9 i.u. of gonadotrophin. 
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EARLY TENSION RELAXATION DURING 
A MUSCLE TWITCH 


By B. C. ABBOTT anp J. M. RITCHIE 
From the Biophysics Research Unit, University College, London 
(Received 10 July 1950) 


Information concerning the mechanism of contraction is supplied by the order 
of the appearance of thermal and mechanical activity following the stimulation 
of a muscle (Hill, 1950 a). In a frog’s sartorius at 0° C. heat production has 
begun by 10 msec. after the stimulus (Hill, 1949a). In the present experiments, 
mechanical latency at 0° C. was measured and a piezo-electric method was used 
to register tension changes during isometric twitches (Abbott & Ritchie, 1948). 
This method provided the high sensitivity and speed needed to determine the 
precise form of the earliest phases of the contraction at the point stimulated: 
it has been used extensively by Sandow (1944, etc.) at higher temperatures to 
study the early tension relaxation in an isometric twitch. 

Sartorius muscles of frogs (Rana temporaria) and toads (Bufo bufo), and single 
coraco-hyoid muscles of medium-sized dogfish (Scyllium canicula) were used. 


METHOD 

A Rochelle salt crystal of the bender type was secured at both ends. A force of 1000 dynes applied 
suddenly to the middle of the crystal produced an output of 0-23 V. for a movement of only 2-2 H. 
Delays in the recording system had to be minimized. In all early experiments the muscle (frog or 
toad sartorius) was looped through a triangular ring of silver. The pelvic and tibial ends were 
brought together and fixed to a clamp (Fig. 1): the ring was then used for cathodal stimulation and 
was also the point from which tension was recorded. A light inextensible chain connected the 
recording ring to the crystal. A chain was chosen because an extensible thread might introduce an 
appreciable delay in transmission of the tension wave along the thread. The transmission time along 
the chain was negligible, and the inextensibility of the chain ensured the accurate reproduction of 
changes in tension. The mass of the chain was 0-64 g., and the force required to move it at the 
moment of maximum acceleration in the early stages of tension development was less than 0-3 
dyne. This was negligible compared with the other forces involved. 

The output from the crystal was fed into a cathode follower of input impedance 100 MQ. con- 
nected to an electronic amplifier with a maximum gain of 7000. The time constant of the whole 
recording system was about 220 msec., which was sufficiently long to transform without distortion 
the early changes in tension into a voltage output from the amplifier. The output was displayed 
on a cathode-ray tube, and brightness modulation of the beam provided } msec. time marks on the 
trace. The muscle assembly was mounted in a chamber filled with oxygenated Ringer’s solution 
and the chamber immersed in an ice-water mixture. The muscle was under a resting tension of 
about 3 g. weight. Before measurements began the Ringer was removed. Tension changes were 
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recorded during the first 20 msec. of single isometric twitches: super-maximal stimulation by 
condenser discharges was used. 

The same procedure was used during a series of experiments on dogfish muscle carried out at 
Plymouth during August 1948, but at 18° C. The muscle was looped through the stimulating ring 
and both ends tied to a clamp. In later experiments with frog muscle a different system was used. 
The muscle was mounted on a multielectrode assembly described by Hill (19495) and stimulated 
simultaneously all over. The pelvic end of the muscle was clamped and the tibial end was joined 
by a short light thread to the crystal. The muscle was stimulated while in Ringer's solution. The 
latency was exactly the same whichever system was used. 

If the early tension drop is not due to an active lengthening of the muscle, its value would be 
expected to drop to zero when the muscle tension becomes small. The time at which the tension 
recrosses its baseline might alter progressively as testing tension decreases. The early tension 
changes in frog muscle at 0° C. were therefore measured at a series of resting tensions. The muscle 
was mounted on the multielectrode assembly. Each series started from a length about 6 mm. 

than the muscle length in the body. The length was decreased by I mm. steps to about 
8 mm. below body length; and was increased again with the same steps. Before each record was 
made, three stimuli were applied to the muscle to make sure that any slack had been taken up. 

While one of us, J. M. Ritchie, was working with M. Goffart, the opportunity incidentally arose 
to examine the early phases of contraction in two types of mammalian muscle: cat tenuissimus and 
rat diaphragm. A strip of muscle was mounted on the multielectrode assembly. It was soaked in 
oxygenated Tyrode’s solution at 37° C. and maximal ‘all-over’ stimulation applied at a series of 
initial lengths. 


5 10 
Time after shock (msec.) 


2 Fig. 2. 
Fig. 1. Apparatus for recording the mechanical latent period. A, A: electrodes; 
B: crystal pick-up; M: muscle; C: output to amplifier. 
Fig. 2. Tension change in frog’s sartorius muscle at 0° C. during early stages of isometric twitch. 


RESULTS 
The exact time when the curve left the baseline was uncertain owing to the 
gradual onset of the change, so the mechanical latent period was taken as the 
time from the stimulus to a tension drop of 0°15 dyne. Fig. 2 shows a typical 
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record for frog muscle at 0° C. under a resting tension of 3 g. weight. The tension 
decreased initially by about 20 dynes before the main increase in tension which 
reached 20 kdynes. It began to fall at about 7 msec. and did not increase 
beyond its resting value until between 15 and 20 msec, after the stimulus. 

Table 1 gives the latent periods obtained in the earlier experiments with frog 
and toad muscle at 0° C., and dogfish muscle at 18° C. Each of the times in the 
table is the mean of at least four observations taken in quick succession. For 
frog muscle all the results lay in the range from 6-5 to 7-9 msec. The latent 
periods were consistent for a given muscle at a given time, but varied for dif- 
ferent muscles or for the same muscle if several determinations were made at 
intervals of a half or a whole day. 


1. Average latent periods. 


Time at which 
Mean latency base-line is 
Date No. of traces (msec.) recrossed (msec.) 
Frog, 0° C. 
3. viii.47 5 6-7 15-0 
31 .viii.47 6 71 15-0 
31.viii.47 6 70 14-7 
2.ix.47 6 70 14-7 
24.ix.47 3 7-4 14-8 
2.x.47 72 - 34 
2.x.47 5 79 17-4 
3.x.47 4 6-5 — 
3. xð. 47 4 6-9 15-0 
3.x.47 4 76 15-6 
4.x.47 4 7:3 14-0 
Toad, 0° C 
11.v.48 10 9-3 20-5 
13.v.48 18 9-2 19-0 
14. v. 48 6 10-0 21-0 
Dogfish, 18° C. 
3.ix.48 6 1-54 2-9 
4.ix.48 5 1-6 3-3 
6.ix.48 4 1-8 3˙5 


In the later experiments the initial decrease in tension was found to be 
greatest (for frog muscle) when the muscle was about 6 mm. longer than its 
greatest length in the body (usually about 30 mm.). As the muscle length was 
diminished in steps of 1 mm. the amount of early tension drop became pro- 
gressively smaller and the moment at which the tension curve recrossed its 
baseline became progressively earlier (Fig. 3). Somewhere between curves (a) 
and (b) of Fig. 3, at about 1 mm. below its length in the body, the early tension 
decrease was just visible and the tension began to increase at about 10 msec. 
after the stimulus. There was no early tension decrease at any muscle length 
below this, but the time at which a positive tension developed remained 
constant at about 10 msec. after the stimulus, until at about 6 mm. below the 
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length in the body the onset of tension was delayed and its rise slowed because 
the contractile portion of the muscle did not remain sufficiently short at rest to 
avoid initial slack. 


Fig. 3. Early tension changes during isometric twitches of frog sartorius at 0° C. at various muscle 
lengths, in mm.: (a) 27, (b) 30, (e) 31, (d) 32, (e) 33, (J) 34, (9) 35, () 36, (k) 37. Length in body 
30-5 mm., weight 75 mg. 


0 
0 30 35 40 45 
Muscle length (mm.) 
Fig. 4. Total tension fall in a cat tenuissimus muscle during the early phases of isometric twitches. 
Records were made at a series of increasing lengths (circles) followed by a set at decreasing 
lengths (dots). Length in body about 40 mm. 


Early relaxation of tension occurred also in mammalian muscle. The latent 
period was about 1 msec. for both cat tenuissimus and for rat diaphragm 


muscle at 37° C. Fig. 4 shows the extent of the early tension fall in cat muscle 
at a series of initial lengths. 


DISCUSSION 
The initial relaxation of tension of a muscle is about 1/1000 of the maximum 
tension in later contraction. Although it was first noticed by Rauh (1922) and 
confirmed by other authors, little attention was paid to it. Sandow (1944), 
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however, using the piezo-electric technique, has further studied this pheno- 
menon and developed a theory to explain it. 

This relaxation appears to be a genuine physiological effect, but too little is 
known about events in the early stage of contraction to permit any definite 
explanation of it in biophysical or biochemical terms. The present experiments 
repeat some of those by Sandow on frog muscle but at a lower temperature, 
0° C., and extend them to a variety of other muscles. They confirm Sandow 
(1946, 1947) and lend no support to the theory of Schoepfle & Gilson 
(1945) that the early relaxation is an artefact produced in the propaga- 
tion of a tension wave through a viscous elastic medium, since the early 
relaxation was still visible when the tension was recorded at the point of 
stimulation. 

The sequence of events following a stimulus is discussed in two new papers 
by Hill: one of these deals with the heat production (Hill, 1950a), and the other 
with the rigidity changes (Hill, 19505). In frog muscle at 0° C. activation heat 
and rigidity changes are evident by 10 msec., halfway through the latent period 
as measured by the usual tension lever method. At room temperature the early 
relaxation appears at the same time as the first change in transparency (Hill, 
D. K., 1949). 

Hill has suggested that the heat of activation is a by-product of the chemical 
reactions accompanying the sudden change from rest to activity. Probably the 
early relaxation also has the same origin. Sandow (1945a, 5) relates the 
phenomenon to the hypothetical formation of a myosin-adenosinetriphosphate 
complex occurring before the contraction of myosin and the formation of 
adenosinediphosphate. The form of the tension-time curve is then assumed by 
him to be the sum of two or more exponential curves. Sandow’s hypothesis may 
be correct, but there is no specific evidence either for or against it, and it is 
probably better at present to keep to the facts. 

The possibility that the relaxation occurs through the expansion of the 
muscle fibres by heating can be dismissed, even if the heating were not far too 
small. Water at 0° C.—and this is by far the greatest constituent of muscle 


does not expand but shrinks when heated, so this could not explain the 
relaxation. 


SUMMARY 

1. Tension changes were measured with a piezo-electric crystal during the 
early phases of isometric twitches. 

2. Early relaxation of tension occurred in frog and toad sartorius at 0° ., 
hie muscle at 18° C., and in cat tenuissimus and rat diaphragm at 

3. The latent period for tension change was 7 msec. for frog and 9-5 msec. 
for toad muscle, both at 0° C.; 1-6 msec. for dogfish muscle at 18° C.; and about 
1 msec. for cat tenuissimus and rat diaphragm at 37 C 
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4. Muscle length was reduced in steps of 1 mm. The early relaxation dimin- 
ished progressively to zero, and the moment at which the tension curve re- 
crossed its baseline became * earlier up to a limiting value of 10 
msec. for frog muscle at 0° C. 
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THE ONSET OF SHORTENING IN STRIATED MUSCLE 


By B. C. ABBOTT anv J. M. RITCHIE 
From the Biophysics Research Unit, University College, London 
(Received 10 July 1950) 


When a muscle is stimulated a change occurs such that, at the end of the latent 
period, the contractile mechanism is already fully active. This has been demon- 
strated by Hill (1949c, 1950), using rapid stretches. The present experiments 
show that at the end of the latent period the part of the muscle at the point of 
stimulation begins to shorten with its maximum speed, i.e. transition from rest 
to full activity is abrupt. | 

When the stimulus is applied to one end of a muscle the part of the muscle 
distant from the electrodes becomes active only after an extra delay repre- 
senting the time taken for activity to spread along the muscle to that part. 
The shortening of the whole muscle therefore begins gradually; the abrupt 
change in each element is masked by a time dispersion between the elements. 

The velocity of propagation of the contraction wave, as distinct from the 
electrical excitation wave, along the muscle has been studied. Hill (19495) 
made allowance for the time of spread of activity along the muscle in order to 
obtain more precisely the heat production in a twitch. This propagation time 
was deduced from the first derivative of the heat curve. Similar arguments 
apply to the effect of propagation time on the form of the shortening curve 
during a twitch. Comparison of the onset of shortening under a small load when 
a muscle is directly stimulated at one end, with that when the same muscle is 
simultaneously stimulated at many points along its length, has enabled the 
propagation velocity of activity to be calculated and related to that of the 
action potential. Parallel fibred muscles were required for these experiments, 
in which the fibres ran the length of the muscle, or, at least, in which no two 
independent fibres were joined end to end. Sartorius muscles from English frog 
(Rana temporaria) and toad (Bufo bufo) were used in the first group, and coraco- 
hyoid muscles from medium-sized small-spotted dogfish (Scyllium canicula) in 
a later group of experiments. 


METHOD 


An electrode assembly was constructed by Mr A. C. Downing which enabled a muscle to be stimu- 
lated either at one end or at many points along its length simultaneously. Twelve pieces of 32 s.w.g. 
(0-27 mm.) silver wire were embedded as electrodes 2-5 mm. apart in a perspex block, and the 
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whole surface was milled down to present a plane face to ensure good contact for the stimulus and 
minimum of mechanical resistance to the muscle movement. The two electrodes nearest the 
clamped end of the muscle were connected to separate terminals for stimulation at one end. The 
remaining electrodes were joined in parallel in two sets to give, together with the other two, 
alternate anodes and cathodes for stimulation ‘all over’ the muscle. Frog sartorii were usually 
longer and toad sartorii somewhat shorter than the electrode assembly. During some of the first 
experiments a similar but longer instrument was used in which the electrode spacing was 3 mm. and 
the total length was 30 mm. 

The assembly was mounted on a frame similar to that used for a thermopile element. A single 
muscle was mounted and clamped at one end. The other end was connected by a light cotton 
thread to an isotonic lever. A pan was attached close to the axis of the lever, and weights were 
added to give a tension of about 0-5 g. weight in the muscle. This tension was sufficient to take up 
any slack in the muscle or the thread. The equivalent mass of the lever system, including the 
weights and pan, at the point of attachment of the thread was less than 75 mg. Shortening, in a 
vertical plane, was transformed into horizontal displacement of a spot of light and recorded on a 
falling plate camera. The falling plate was also illuminated by a parallel beam of light from a 
Ferranti MAC4 mercury discharge tube which was pulsed to give brief flashes 100 times per sec. 
This provided a series of fine horizontal lines on the photograph which served as a time scale. The 
stimulus was recorded as an extra flash giving a darker line. In later experiments the shortening 
was translated into an electrical signal by a shadow of the lever moving across a twin photocell 
and displayed on a cathode-ray tube as described by Hill (1949). 

In the experiments from January to June 1948, single sartorius muscles from English frogs and 
toads were used. The chamber was filled with oxygenated Ringer and immersed in a thermostat 
at 0° C. To the Ringer was added 1 in 50,000 parts of p-tubocurarine to eliminate the possibility of 
indirect stimulation. After the muscles had soaked for 3 hr. the Ringer was removed. A maximal 
‘all-over’ stimulus was applied and a photographic record of the shortening was obtained. A single 
condenser discharge was used as the stimulus. With all other conditions unchanged the muscle was 
then maximally stimulated at one end only. In a few experiments toad muscles were stimulated in 
Ringer and divergent results were obtained. Dr Katz suggested that the propagation velocity 
might be appreciably affected by the presence of the Ringer. This was tested by making successive 
records of shortening with a muscle in and out of Ringer, and was found to be true. 

During August and September these experiments were repeated at Plymouth using coraco-hyoid 
muscles of dogfish. The fibres of these striated muscles ran the full length of the muscle so that a 
stimulus at one end excited the whole. The whole muscle was too thick (4 mm. or more) for maxima! 
stimulation without damage using the available electrode assembly in order to stimulate the outer 
fibre layers, the current density through those near the electrodes would need to be very large. 
A layer of the muscle about I mm. thick was carefully stripped off. The muscle structure was 
very uniform and no intermingling of the fibre bundles occurred. This strip was inspected under 
@ microscope and if appreciable damage was visible—injured fibres become rapidly opaque at the 
site of damage—the muscle was rejected. The strips used were tested for excitability and the 
twitch tension was measured (a) immediately after mounting, (b) before the records of shortening 
were taken, and (c) 1 hr. after the experiment was finished. The results from only those muscles 
giving a consistent response were accepted. We realize that muscle fibres are very easily damaged, 
and that muscle strips are unsatisfactory ; but this seemed to be the best way of using the material 
available. The procedure is justified by the consistency of the results. The muscles were soaked in 
elasmobranch bathing solution, as described by Pantin (1946), to which 1 in 50,000 parts of p-tubo- 
curarine was added. The experiments were carried out at 0, 7 and 21°C., and under the same 
conditions as for frog and toad sartorii. 

During many experiments a record of the action potential was made in order to measure the 
velocity with which it travelled along the muscle. The curarized muscle was held rigidly isometric 
and stimulated in air at one end through the first two electrodes. The remaining electrodes were 
connected to the two sides of an R-C coupled amplifier joined to a cathode-ray tube display. 
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A photograph was taken of the action potential. The record showed a number of peaks, each 
corresponding to the excitation passing one electrode. The interval between similar peaks represented 
the time taken for the action potential to travel between two electrodes of the same group. An exact 
analysis of the complex waveform was not attempted, as some interaction is bound to occur 
between such parallel-recording electrodes. But the value obtained gave a good indication of this 
action-potential velocity with the muscle under the conditions of the shortening experiment. 

A simple relationship existe between the shortening with stimulation applied at one end and 
that with stimulation all over simultaneously : 

Let f(t) be the amount of shortening, reckoned per cm. of initial length I, up to a time ¢ sec. 
after a stimulus directly applied all over the muscle. The total shortening at f sec. is then / (ti). 
Now, let a stimulus be applied at one end, and let the velocity of propagation of the contraction 
wave be v om./sec. Then Ay, the shortening of an element of the muscle initially x cm. from this 
end, is given by 


Ay=Azf 9. (1) 
The shortening y of the whole muscle t seo. after the stimulus at one end is therefore 


(2) 
Let T be the transmission time of the contraction wave along the length of the thermopile as- 
sembly. Then 


|, 


et ee The equation can be written as 


1 (area under the curve of shortening against time, with stimulation all over, 

between times f and (t- T)). (4) 
It can also be shown that if f(¢) is a linear function of time over the range (t T) sec. to t sec., 
where ¢> T, then the curve of shortening with one-end stimulation will have the same ordinate y 
as the curve with simultaneous stimulation all over has 7'/2 sec. beforehand, i.e. over the linear 
portions of the curves there will be a time displacement of 7'/2 if the curves reach the same maximum. 
In practice both methods were used. Using the relationship (4) above, the theoretical curve for 
stimulation at one end was calculated for various assumed transmission times, increasing in steps 
of 5 msec. The time giving the best fit with the experimental curve from stimulation at one end 
was used to calculate the velocity of propagation in the muscle. This transmission time proved 
always to be the same as that obtained by superimposing the two sets of experimental curves with 


the stimulus at time zero and measuring the temporal displacement between the linear portions 
of the two curves. 


RESULTS 

When a frog sartorius at 0° C. was stimulated at many points simultaneously, 
shortening began at its maximum speed after an average latent period of 
24 msec. and this maximum speed was maintained for about 70% of the 
shortening in a twitch. This is illustrated in Fig. 1 where, with a muscle of 
length 27 mm., the latent period was 24 msec. and the maximum shortening 
was reached after about 300 msec. The average shortening speed under zero 
load was 1-3 times the muscle length per sec. compared with the value 4/3 found 
by Hill (1938) in a tetanus. 

A similar abrupt change from rest to activity was also obtained using toad 
sartorii as shown by Fig. 2 (a), with an average latent period of 38 msec. In the 
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0 i j 1 
0 100 200 300 400 
Time after shock (msec.) 


Fig. 1. Isotonio twitches of frog sartorius at 0° C. under very small load. Length of muscle on 

_  @lectrode assembly 25 mm. Curve (a): simult lation all over; curve (b): stimulation 
at one end. Circles: shortening for ‘one-end’ stimulation calculated from (a) assuming a propa- 
gation time of 56 msec. Velocity of propagation of activity 45 cm./sec. Speed of shortening 
1-3 times length/sec. 


0 j 1 
0 200 400 600 


Time after shock (msec.) 


Fig. 2. Isotonio twitches of toad sartorius muscle at 0° C. under very small load. Length of muscle 
on electrode assembly 25 mm. Curve (a): simultaneous stimulation all over; curve (b): stimu- 
lation at one end. Circles: shortening for ‘one-end’ stimulation calculated from (a) assuming 
a propagation time of 59 msec. Velocity of propagation of activity 42-5 cm./sec. 
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case of dogfish muscles the electrode assembly (25 mm. long) was always 
appreciably shorter than the muscle (average 37 mm.). Although the portion 
over the electrodes was simultaneously stimulated, the activity had to pro- 
pagate to the ends of the muscle, causing the onset of shortening to be much 
less abrupt. Evidence is presented below, however, which indicates that at the 
point stimulated these muscles begin to shorten, like frog and toad muscles, 
at their full rate after a latent period. 

The total shortening was always about 5% less when stimulation was at one 
end than when it was applied all over simultaneously. Not all the fibres run 
as excitable fibres to the extreme ends of the muscle, and a few of the fibres 
were not stimulated by the two electrodes at the end. The simplifying assump- 
tion was made that with stimulation at one end the sartorius behaved as if all 
its fibres were excited, but had a shorter effective length determined by the 
distance which individual fibres ran in the muscle. In order to compare the 
two sets of curves they were adjusted to have the same total shortening. 

In the twitches shown in Fig. 1, curve (a) was obtained with stimulation all 
over. Curve (b), with stimulation at one end, rises slowly from the baseline, 
but later, when the muscle is active throughout its length, the curve becomes 
linear and parallel to curve (a). The circles represent the shortening curve for 
stimulation at one end, calculated from curve (a), assuming a transmission time 
of 56 msec., which gave the best fit with the one-end curve. A single value of 
transmission time gave a good fit throughout the shortening. 

The transmission times and corresponding propagation velocities of the con- 
traction wave for a number of frog and toad muscles in air at 0° C. are given 
in Table 1. Average velocities are 51 cm./sec. for frog and about 40 cm./sec. 
for toad. When toad muscles were in Ringer the velocities were increased by 
about 35%. 

T witches of the dogfish muscles are seen in Fig. 3, where (a) shows a twitch 
at 0° C. with stimulation applied at one end, and (b) shows a twitch with all- 
over’ stimulation of the portion on the electrode assembly. The onset of both 
curves is gradual, but the displacement between the linear portions, 18 msec., 
represents the time for the activity to propagate along half the length of the 
electrode assembly, i.e. with a velocity of 69-5 cm./sec. at 0° C. Curve (c) 
represents the shortening with simultaneous stimulation of all the muscle, 
calculated from (a) or (b) assuming this propagation velocity: since the muscle 
was 40 mm. long, the total propagation time would have been 51 msec. Shor- 
tening here begins at full speed at the end of the latent period as for frog and 
toad muscle. The average propagation velocity for these muscles at 0° C. was 
68 cm./sec. with a temperature coefficient Q,, of 2. 

The velocity determined in these experiments was obtained from mechanical 
records with no reference to the propagation velocity of the action potential 
along the muscle fibres. Wilska & Varjoranta (1939) showed that this action- 
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potential velocity in single fibres of a frog rectus abdominis at 0° C. was 
50 cm./sec. 


TaBLE I. Propagation velocity of the contraction wave in muscle 
compared with the conduction velocity of the action potential. 


Length of Velocity of propagated Action poten- 
muscle on Propagation time (msec.) wave (om. /seo.) tial conduc- 
eleotrodeĩ⸗ñ „ñ„%„.:t — —-C tion velocity in 
Date assembly In air In Ringer In air In Ringer air (om. /s. 
Frog, 0° C 
2. xii. 47 28 60 — 47 — — 
6. xii. 47 28 55 — 51 — — 
7. xii. 47 29 61 — 47-5 — til 
18. xii. 47 30 60 — 50 — 55 
30. xii. 47 28 56 — 50 —— 53 
20. xii. 48 25 66 — 38 — — 
21. xii. 48 25 56 44-5 — — 
5. Ui. 50 (A) 2⁵ 50 — 50 — 55 
5. iii. 50 (B) 25 41 — 61 —— 63 
5. iii. 50 (C) 25 40 — 62˙5 — 56 
Toad, 0° C. 
6. iii. 50 20 — 24 -- 83 60 
17. iii. 50 25 70˙5 51-5 35-5 48-5 35 
5. v. 50 25 62-5 44-5 40 56 39 
6. v. 50 25 59 43 42-5 58 43 
Dogfish, 0° C. 
20. ix. 49 25 37-2 — 67 — 62 
21. ix. 49 (A) 2⁵ 28 — 89 — — 
21. ix. 49 () 2⁵ 34 — 73·˙5 — 67 
22. ix. 40 (A) 25 44 — 57 — — 
22. ix. 49 (B) 25 35-4 — 70-5 — 65 
24. ix. 49 25 32 — 78 — — 
6 
2 4 
0 
0 50 100 150 200 


Time after shock (msec.) 


Fig. 3. Isotonic twitches of dogfish jaw muscle at 0° C. under very small load. Muscle length 
40 mm. Length on electrode assembly 25 mm. Curve (a): stimulation at one end; curve (b): 
simultaneous stimulation all over the part of the muscle on the electrode assembly; curve (c): 
calculated curve of shortening if the whole muscle were simultaneously stimulated all over. 
Propagation time along electrode assembly, determined from curves (a) and (b), 36 msec. 


An action potential from a curarized frog sartorius at 0° C. stimulated at one 
end, using a multi-electrode assembly for recording, is shown in Fig. 4. The 
distance between consecutive cathodes was 5 mm. in this experiment. Between 
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two peaks there was an interval of 10-7 msec. corresponding to a velocity of 
about 47 om./sec. An average value of 56 cm./sec. was found but is not claimed 
as an exact measure of the conduction velocity, since a rigorous analysis of the 
waveform was not attempted. It does show, however, that the value was 


1 | 
0 20 40 60 
Time after shock (msec.) 


Fig. 4. Action potential of frog sartorius muscle at 0° C. recorded on multi-electrode assembly 
and stimulated at one end. Inter-electrode distance 5 mm. Mean time between peaks about 
10-7 msec. Conduction velocity about 47 cm./sec. 
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Fig. 5. Isotonic twitches of dogfish jaw muscle at 0° C. under very small load and stimulated ‘all 
over’. Curves (a) to (): successive twitches starting from the muscle length at the end of the 
preceding twitch. Muscle pulled out to original length before curve (g). Passive shortening 
under zero load allowed from original length before curve (h). Length in body about 40 mm. 
Muscle lengths before each twitch: (a) 40 mm., (b) 35:2 mm., (e) 31-6 mm., (d) 28-9 mm., 
(e) 27-4 mm,, (J) 27-4 mm., (g) 40 mm., (A) 27-4 mm. 


similar to that quoted by Wilska & Varjoranta (1939), and of the same order as 
that given by extrapolation of the results of Eccles, Katz & Kuffler (1941) on 
the frog sartorius: with a velocity of 1-6 m. / sec. at 20° C. and a Q,, of 2-1, the 
expected value at 0° C. would be 36 cm./sec. 


From these two sets of experiments, it can be seen that in a frog the conduc- 


tion velocity of the action potential is the same as that of the wave of contrac- 
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tile activity along the muscle, contrary to the findings of Buchthal & Knappeis 
(1943). The same is true for toad muscles where the action-potential velocity 
was about 57 cm./sec., and for dogfish muscle where the average velocity was 
65 cm./sec. 

A property of dogfish muscles was noticed, the significance of which was very 
puzzling at the time. When twitches under very small load were recorded, the 
muscle was. gently pulled out to the same length before each stimulation, in 
case some slight sticking had hindered complete relaxation. The initial length 
chosen was that of the muscle when in the body, or as near to that value as the 
small tension applied would allow. 

After a twitch the muscle failed to relax to this length, which was not 
surprising. When a second twitch started from this shorter length, the muscle 
finished at an even shorter length. After a few twitches the muscle found a 
steady resting length, and the twitch was very small. The latent period of 
movement, however, was unaltered, as shown in Fig. 5, where the muscle 
length corresponding to each curve is given in the legend. If the shorter length 
had been due to sticking, the muscle would have been hanging in folds and the 
latent period would have been much longer—as occurred when the muscle was 
let down passively to the final length (curve h). These results agree with 
those of Hill (1949d), who showed that the contractile material of muscle can 
shorten actively to a very small length, still exerting a slight resting tension; 
and can still react to stimulation with a normal latent period. 


DISCUSSION 


The equivalent mass of the lever system was so small that the records obtained 
represent accurately the shortening of the muscle under very small constant 
loads. With stimulation all over, movement in frog muscle was just visible 
after 24 msec., whilst at 27 msec. the full speed of shortening had been reached. 
The change from rest to full activity was thus almost abrupt. This is consistent 
with the sudden decrease in extensibility found at the end of the latent period. 
It must be noted that the simultaneous stimulation at many points is still not 
stimulation of the whole muscle at once. Time is needed for the excitation to 
travel between neighbouring electrodes, a distance of 234 mm. from each cathode. 
For frog muscle at 0° C. this would involve a maximum delay of about 2-5 msec., 
although in practice super-maximal condenser discharges were applied which 
must have stimulated some at least of the fibres at the anodes as well as 
cathodes. If allowance were made for this propagation time the transition 
from rest to activity would appear still more abrupt. 

The constancy of shortening speed for about 70% of the shortening in an un- 
loaded twitch after stimulation applied all over was a consistent feature of every 
muscle twitch. When the stimulus was applied at one end of a muscle this property 

was masked by the slow initial rise of the curve due to spread of excitation. Some 
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records were made of after-loaded twitches in which the muscle, after stimula- 
tion all over, remained isometric at its resting length until its tension was 
sufficient to raise the afterload. A linear portion was still present, and shortening 
speed was less with greater load; a set of afterloaded twitches from a frog 
sartorious at 0° C. is shown in Fig. 6. 

The sequence of events following direct stimulation of a muscle is that an 
action-potential wave spreads away from the stimulating cathode. This wave 
is followed after an interval by a wave of contraction. These two waves travel 
along the muscle with the same velocity, i.e. at each element along the fibre 
the action potential precedes by a fixed interval the onset of shortening in that 


0 100 200 300 
Time after shock (msec.) 


Fig. 6. Afterloaded isotonic twitches of frog satorius at 0° C., .. 
17 December 1947. Loads applied: (a) 0-95, (ö) 1-25, (e) 1-9, (d) 2-5, (e) 5-1, (f) 12 g. wt. 


element. This is contrary to the conclusion reached by Buchthal & Knappeis 
(1943), who found no correlation between the spread of action potential and that 
of contraction in isolated muscle fibres from the frog’s sartorius. Buchthal 
found that in an isolated single fibre at room temperature the contraction wave 
spread along the fibre at only 30 cm./sec., a value smaller than that found by 
ourselves at 0° C. No action-potential measurements were made on these 
isolated fibres: the conduction velocity was quoted from the results of Wilska & 
Varjoranta (1939), the value at room temperature being 1-5 m./sec. These ex- 
periments of Wilska & Varjoranta, although on single fibres, were made with 
single fibres in the intact muscle, and his values agree with those obtained by 
different methods. Presumably, the discrepancy found by Buchthal & Knappeis 
was due to the condition of their isolated fibres. In any case, before such com- 


parison can be made the velocity of spread of the action potential should be 
measured on the same e as the contraction wave. 
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SUMMARY 


1. When a striated muscle under small load is simultaneously stimulated all 


over, shortening commences at its maximum speed at the end of a latent period : 
there is an abrupt transition from rest to full activity. 


2. This speed is maintained for 70% of the shortening in a twitch at 0° C. 
of frog sartorius, toad sartorius and dogfish jaw muscle. 

3. When a muscle is stimulated directly the velocities of propagation of 
action potential and of contraction wave are identical. This is contrary to the 
conclusion reached by Buchthal & Knappeis (1943). 


4. The velocity of propagation in a toad sartorius at 0°C. is about 35% 
greater in Ringer than in air. 
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BLOOD-PRESSURE EFFECTS OF NORADRENALINE 
AND ADRENALINE. WITH SPECIAL REFERENCE 
TO THEIR ANTAGONISM BY ERGOTOXINE 
AND OTHER BLOCKING AGENTS 


By K. I. MELVILLE 


From the Department of Pharmacology, McGill University, 
. Montreal, Canada 


(Received 12 July 1950) 


In previous experiments reported by Stehle & Melville (1947), it was shown that 
when an injection of ergotoxine or ergotamine is made during a continuous 
infusion of adrenaline in the spinal cat, there is no evidence whatever of any 
ergotoxine or ergotamine vasoconstriction but one sees an immediate and 
precipitous fall in blood pressure. In the course of these experiments with 


Stehle, it was observed that when noradrenaline (arterenol) was infused instead 


of adrenaline, rather similar results were obtained. Some examples are shown 
in Fig. 1. 

As can be seen, during continuous infusion of noradrenaline superimposed 
injection (B) of either ergotoxine (Exp. 1) or ergotamine (Exp. 2) induces an 
almost instantaneous and complete blood pressure reversion tc normal level 


in both instances. The other features of these tracings represent effects of simple- 


injections of adrenaline and acetylcholine, but these need no discussion. 

The above findings were rather puzzling, since it is well known that following 
an ordinary injection of these ergot alkaloids in the spinal cat there is usually 
a more or less intense pressor response, and furthermore, after such an injection 
the pressor response to injected adrenaline is generally reversed, while that to 
noradrenaline is generally not reversed. Indeed, the similarity between the 
latter effect and that observed after sympathetic nerve stimulation, under 


similar conditions, has led to the suggestion that noradrenaline might be the 


physiological sympathetic chemical mediator substance. Among earlier 
observations on this question are those published by Barger & Dale (1910), 
Bacq (1934), Stehle & Ellsworth (1937), Greer, Pinkston, Baxter & Brannon 
(1937, 1938). It was also shown by Melville (1937) that after injection of the 
benzodioxane compound (F 933), while the pressor response to adrenaline was 
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inverted, that to noradrenaline, like that to splanchnic stimulation, was not 
inverted. Considerable data exist to suggest, however, contrarily that adrena- 
line rather than noradrenaline might be the mediator substance copy 
1948; Luduena, Ananenko, Seigmund & Miller, 1949). 


Fig. 1. In this and other figures blood-pressure records are shown, the animals were heparinized 
and artificial respiration maintained throughout; a dose of 2 mg./kg. of ergotoxine, ergotamine, 
dihydroergotamine, or hydergine, and a total dose of 0-5 mg. of adrenaline or noradrenaline, 
except as otherwise stated, were used throughout. Time in minutes. Exp. 1.!Spinal cat, male, 
3-9 kg. A and A,, 0-005 mg. acetylcholine hydrobromide; B, ergotoxine; C, 0-1 mg. adrenaline. 
Exp. 2. Spinal cat, male, 3-0 kg. A and A,, 0-1 mg. adrenaline; B, ergotamine. Duration of 
infusion of noradrenaline (0-02 mg./c.c./min.) shown by arrows (ART.). 


In the course of further studies on the pharmacology of noradrenaline and 
adrenaline, some interesting results have been obtained which appear to warrant 
publication. The object of this paper is to present some of these findings 
concerning the effects of the two agents on blood-pressure response, with special 
reference to their antagonism by ergotoxine and other sympathetic-blocking 
drugs. 

Historical 

The now extensive literature concerning the cardiovascular actions of these 
two agents, and their possible relationship to the sympathetic mediator 
substance, has been reviewed within recent years by several workers (Kuler, 
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1946a, b; Gaddum & Goodwin, 1946; Ahlquist, 1948; Marsh, Pelletier & Ross, 
1948; Nickerson, 1949; Luduena et al. 1949; Lands, 1949; Holtz, 1950; Burn, 
1950). | 

It * clear from these and the earlier published studies that following an 
ordinary injection of ergotoxine or other blocking agent while the pressor 
response to adrenaline is inverted that to noradrenaline is generally not inverted, 
although a slight depressor response with the latter has occasionally been 
recorded by different workers. More recently, West (1949) has shown that after 
previous injection of ergotoxine or dibenamine, definite depressor effects can be 
obtained by injections of large doses of noradrenaline. In these experiments 
the dose of racemic noradrenaline employed was 20 to 30 times the dose of 
laevo-adrenaline in order to obtain equal falls in blood pressure. West has also 
reported that the depressor response to noradrenaline is converted into a 
pressor response in chloralosed cats following injection of pentobarbitone, 
provided an hour was allowed to elapse after the pentobarbitone was given, the 
adrenaline reversal being unaffected under similar conditions. From this and 
other evidence it was concluded that noradrenaline reversal was not due to 
direct peripheral vasodilatation, like that of adrenaline, but was probably due 
to some depressor reflex effect associated with pulmonary artery vasoconstric- 
tion. Konzett & Hebb (1949) have reported, however, that the pulmonary 
vasomotor responses to both agents are suppressed or reversed (to an equal 
extent) by ergotoxine and allied substances. Burn & Hutcheon (1949) have 
also shown that noradrenaline can lead to local vasodilatation in the perfused 
rabbit ear, provided a low concentration of the sympathetic-blocking agent, 
2-benzylimidazoline, is simultaneously perfused. In addition, in the spinal cat 
even following a simple ergotoxine injection, it was observed that noradrenaline 
sometimes produces as good a depressor response as adrenaline. On the other 
hand, these workers found that unlike adrenaline, noradrenaline does not lead 
to a fall in blood pressure in the etherized cat, and again, unlike adrenaline, the 
drug produces vasoconstriction in the denervated (sciatic cut) hindleg of the cat. 

Goldenberg, Pines, Baldwin, Greene & Roh (1948) concluded from results 
obtained in man that adrenaline causes a decrease in total peripheral resis- 
tance, while noradrenaline causes an increase and, further, that the vasocon- 
strictor action of noradrenaline can be completely blocked by the simultaneous 
injection of adrenaline. Barcroft & Konzett (1949) have also reported that in 
man the infusion of adrenaline leads to a rise in systolic pressure, a fall in 
diastolic pressure and an increased heart rate, whereas noradrenaline causes 
a greater increase in systolic pressure, an increase in diastolic pressure and a 
decreased heart rate. 

Finally, on the basis of the earlier experimental studies, Goldenberg, Snyder 
& Aranow (1947) suggested the use of the benzodioxane compound (F 933) 


as a specific test in the diagnosis of cases of hypertension due to increased 
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circulating adrenaline resulting from adrenal tumours (phaeochromocytomata). 
The implication of the test being that in hypertension resulting from substances 
other than adrenaline, injection of the F 933 would produce a negative result, 
that is no depressor response. While this work was in progress, Goldenberg & 
Aranow (1950) themselves reported, however, that during hypertension induced 
in man by the infusion of noradrenaline, injection of the F 933 induces a 
depressor response. 

From the above review of the pertinent literature, it is clear that the cardio- 
vascular effects of noradrenaline, particularly when compared with those of 

adrenaline, need further investigation. 


METHODS 


Using the same technique previously employed by Stehle & Melville (1947), the effects of various 
sympathetic blocking agents were tested on spinal cats in the first group of experiments. 

In the other experiments both cats and dogs were employed. The animals were anaesthetized 
with either pentobarbitone sodium or chloralose, although ether anaesthesia was also used in a 
few comparative experiments. Artifical respiration was maintained throughout all experiments, 
using a Starling pump. The animals were injected with heparin. Atropine (10 mg.) was injected or 
the vagus nerves cut at the beginning of the experiment, in order to avoid reflex vagal effects. 

Blood pressure was recorded from a common carotid artery, and all injections were made into 
exposed femoral veins. The constant-rate infusions were given by a pump, and a volume of | c.c. 
of a 0-9% saline solution of the agent employed, injected per min. through a cannula inserted into 
one of the femoral veins. The superimposed injections were given into the other vein. In the cat 
experiments a hypodermic needle was tied into the vein for making the superimposed or simple 
injections, while in the dog experiments these were made directly into the exposed vein. 

Commercial adrenaline solution, and a freshly made up aqueous solution of racemic noradrenaline 
hydrochloride, were employed in most experiments. Throughout the text and protocols, these are 
referred to as ‘adrenaline’ and ‘noradrenaline’, respectively. In a few experiments, synthetic 
racemic adrenaline or laevo-adrenaline was also used. These was freshly made up in distilled 
water to which was added sufficient hydrochloric acid to dissolve the bases. The volumes of these 
solutions for the simple injections were 0-5-1 o. o., which were washed in with 1 c.c. of 0-9% saline 
in the cat experiments. 

Ergotoxine ethanesulphonate (Burroughs Wellcome) and ergotamine tartrate S nden) ‘were 
used interchangeably, and are referred to throughout the text simply as ‘ergotoxine’, the specific 
agent used being stated in the protocols as ‘ergotoxine’ or ‘ergotamine’. Dihydroergotamine 
methanesulphonate (Sandoz), dibenzyl-chloroethylamine hydrochloride or dibenamine (Givaudan- 
Delawanna Inc.) and piperidinomethyl-b di or F933 (Poulenc Ltd.) were also employed.* 

The pressor pituitary extract used was the same as that employed in the previous work by 
Stehle & Melville (1947), and was a hundred times as potent as standard pituitary powder and 
contained about five oxytocic units per hundred pressor units. 


RESULTS 
Effects of dihydroergotamine, dibenamine and F 933 in spinal cats 


It was of interest at the outset to determine to what extent the pressor actions 


of adrenaline and noradrenaline, when infused intravenously, were antagonized 
by other sympathetic-blocking agents beside ergotoxine. Fig. 2 shows examples 


* The writer is indebted to the firms mentioned for supplying these agents. 
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of the results obtained. In each experiment shown in the figure a dose of 0-1 
mg. / min. of either adrenaline (upper records) or noradrenaline (lower records) 
was infused for 5 min. into a spinal cat. In the course of these infusions either 
dihydroergotamine (Exps. 1A, B), or dibenamine (Exps. 2A, B) or F 933 
(Exps. 3A, B), in the doses stated, was injected. By, 
These records show clearly that all of these blocking agents, when administered 
in this way, lead to more or less rapid and often complete antagonism of the 
pressor effects of the infusions whether adrenaline or noradrenaline was used. 


Fig. 2. Exp. 1A. Spinal cat, female, 2-25 kg. A, dihydroergotamine. Exp. 1B. Spinal cat, 
female, 2:15 kg. A, dihydroergotamine. Exp. 2A. Spinal cat, female, 2-55 kg. B, 15 mg./kg. 
dibenamine. Exp. 2B. Spinal cat, male, 3:15 kg. B, 15 mg. Kg. dibenamine. Exp. 3A. 
Spinal cat, female, 2-2 kg. C, 5 mg./kg. F933. Exp. 3B. Spinal cat, male, 2-75 kg. 
O, 5 mg./kg. F933. Durations of infusions of either adrenaline (ADR.) or noradrenaline 
(ART.)—0-1 mg./min. of each—are shown by the arrows. 


In other experiments with hydergine (2 mg./kg.) similar results were obtained. 
A record of such results obtained in anaesthetized cats is shown later (Fig. 5). 

Rothlin (1947) has shown that both dihydroergotamine and hydergine 
(which is a mixture of equal parts of dihydroergocristine, dihydroergokryptine 
and dihydrocornine) induce pressor responses in spinal cats. In none of our 
experiments was there any evidence of this action when the drugs were in- 
jected during infusion of either adrenaline or noradrenaline. In control experi- 
ments on spinal cats it was also found that while simple injections of such doses 
of either dibenamine or the F 933 led to variable transient depressor effects, in 
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none of these were any such intense depressor responses observed, as shown 
above. 

The above results show therefore that, like ergotoxine, all of these blocking 
agents lead to the return of the blood pressure to its previous level when ad- 
ministered in the presence of either circulating adrenaline or noradrenaline. 


Fig. 3. Exp. 1. Cat, male, 3-25 kg. Chioralose. Atropinized. A, ergotoxine; B, adrenaline; 
O, noradrenaline. Exp. 2. Cat, female, 2-45 kg. Pentobarbitone. Atropinized. A, ergotoxine; 
B, adrenaline; C, noradrenaline. Exp. 3. Cat, male, 2-85 kg. Ether. Atropinized. A, ergota- 
mine; B, adrenaline; C, noradrenaline. Durations of infusions of adrenaline (0-1 — 
are shown by arrows (ADR.). 


The pressor or vasoconstrictor effects of 8 and 3 were 
also not in evidence. In addition, when the infusions were stopped the blood 
pressure remained at a low level for the rest of these experiments, and injections 
of even large doses of adrenaline produced only slight effects. 
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Effects of ergotoxine, ergotamine, hydergine and dihydroergotamine when injected 
during infusion of adrenaline or noradrenaline in anaesthetized animals 

Since it has been reported by Herwick, Linegar & Koppanyi (1939), Gaddum 


& Goodwin (1946) and Jang (1941) that the adrenergic blocking effectiveness 
of the ergot alkaloids is lessened in the presence of barbiturate anaesthesia, it 


Fig. 4. Exp. 1. Cat, female, 2-85 kg. Chloralose. Atropinized. A, ergotamine; B, noradrenaline ; 
O, adrenaline; &, saline control (1 C. o.). Exp. 2. Cat, male, 2-65 kg. Pentobarbitone. Atropin- 
ized. A, ergotoxine; B, noradrenaline; C, adrenaline. Exp. 3. Cat, male, 2-8 kg. Ether. 
Atropinized. A, ergotoxine; B, noradrenaline; C, adrenaline. Durations of infusions of 
noradrenaline (0-1 mg./min.) are shown by arrows (ART.). 


was of interest to test the effects of these blocking agents when injected during 
infusions of adrenaline and noradrenaline, in animals anaesthetized with dif- 
ferent agents. Figs. 3 and 4 show, comparatively, blood-pressure records from 
two series of experiments on atropinized cats, anaesthetized with either 
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chloralose (upper records) or pentobarbitone sodium (middle records) or ether 
(lower records). In each experiment either adrenaline (Fig. 3) or noradrenaline 
(Fig. 4) was infused at a rate of 0-1 mg./min. for 5 min., as shown by the arrows. 
In each experiment also a superimposed injection of ergotoxine was made at A, 
and some time after the infusions were stopped, the responses to simple in- 
jections of equal doses (0-5 mg.) of both adrenaline (Fig. 3, B and Fig. 4, C) 


Fig. 5. Exp. 1. Cat, male, 2-65 kg. Pentobarbitone. Atropinized. A, hydergine; B, noradrenaline; 
C, 0-5 mg. synthetic racemic adrenaline hydrochloride. Duration of infusion of synthetic 
racemic adrenaline hydrochloride (0-1 mg./min.) shown by arrow (r. ADR.). Exp. 2. Cat, 
female, 3-15 kg. Pentobarbitone. Atropinized. A, hydergine, B, noradrenaline; C, 0-5 mg. 
laevo-adrenaline hydrochloride. Duration of infusion of noradrenaline (0-1 mg./min.) shown 
by arrow (ART.). 

and noradrenaline (Fig. 3, C and Fig. 4, B) were tested. Large doses of adrena- 

line and noradrenaline were used throughout in order to accentuate differences 

if any between the two agents. 

The above results show clearly again that the depressor effects produced by 
adrenaline and noradrenaline under these conditions are rather similar. While 
the depressor responses observed during the adrenaline infusions (Fig. 3), or 
following the subsequent injections of this agent in both sets of experiments, 
were generally better than those produced with noradrenaline, in some in- 
stances the two sets of responses were almost identical. 
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Unlike the results ined in the spinal animals, when the infusions of 
adrenaline (Fig. 3) were stopped in these experiments, in every instance there 
was a rapid rise in blood pressure reaching almost to the level previously 
attained at the beginning of the infusion. This effect also occurred in several of 
the noradrenaline experiments, but as can be seen from the records (Fig. 4), 
it was less marked, although the preceding depressor responses were also less 
marked than those observed in the adrenaline experiments (Fig. 3). 


Fig. 6. Exp. 1. Dog, female, 7-0 kg. Pentobarbitone. A, ergotoxine. Band Bi, adrenaline; C and 
Oi, noradrenaline. Between C and B,, atropine (10 mg.) was injected and an interval of 10 
min. elapsed. Duration of infusion of adrenaline (0-2 mg./min.) shown by arrow (ADR.). 
Exp. 2. Dog, male, 7-9 kg. Pentobarbitone. Atropinized. Adrenals removed. A, ergotoxine; 
B, noradrenaline; C, adrenaline. Duration of infusion of noradrenaline (0-2 mg./min.) shown 
by arrow (ART.). Exp. 3. Dog, female, 5-2 kg. Vagotomized. A, ergotoxine; B, 0-005 mg. 
noradrenaline; C, 0-005 mg. adrenaline; D, 0-5 mg. noradrenaline; E, 0-5 mg. adrenaline. 


Fig. 5 shows examples of similar experiments in cats under pentobarbitone 
in which hydergine was used as the blocking agent during infusion of either 
racemic synthetic adrenaline (Exp. 1) or noradrenaline (Exp. 2). The depressor 
responses obtained from subsequent injections of equal doses (0-5 mg.) of 
synthetic racemic adrenaline (Exp. 1, C), laevo-adrenaline (Exp. 2, C) and 
noradrenaline (Exps. 1 and 2 B) were rather alike. 

It is apparent from these experiments that the observed responses to the two 
agents were similar whether commercial or synthetic adrenaline was used. In 
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addition, the above findings show that the degree of these responses was little 
affected by the different anaesthetic agents employed. 

Exps. 1 and 2 in Fig. 6 show examples of results obtained in dogs under 
pentobarbitone. In Exp. 1 the animal was non-atropinized and non-vagoto- 
mized. As can be seen under these conditions similar depressor responses 


Fig. 7. Exp. 1. Dog, male, 8-4 kg. Pentobarbitone. Vagotomized. A, dih ; 
B, noradrenaline; C, adrenaline. Duration of infusion of adrenaline (0-2 mg. mn.) shown by 
arrow (ADR,). Exp. 2. Dog, female, 8-4 kg. Pentobarbitone. Vagotomized. A, dihydro- 
; Band B,, noradrenaline; C, adrenaline. Duration of infusion of noradrenaline 

(0-2 mg. latin.) shown by arrow (ART.). 


followed the injection of ergotoxine (A) during the infusion of adrenaline, and 
on subsequent injections of both amines (B and C), reversal effects were 
obtained. After atropinization these latter responses were little changed (B, 
and Ci). 

In Exp. 2, the animal was previously atropinized and the adrenals esd 
The results were less striking, but rather similar except that after the nor- 
adrenaline infusion was stopped, the animal's blood * fell progressively. 
23—2 
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This has frequently been observed with noradrenaline in other experiments in 
which the adrenals were intact. 

In contrast to the above results, Exp. 3 in the same figure shows the usual 
effects of a simple injection of ergotoxine (A) in a dog under pentobarbitone. 
There was a prompt rise in blood pressure, and subsequent injections of both 
agents in small doses (0-005 mg.) at B and C produced only brief pressor effects. 
On the contrary, later injections of a large dose (0-5 mg.) of noradrenaline 
caused the usually observed pressor response (D), while good reversal was 
obtained with a similar large dose of adrenaline (F). The possible significance 
of these differences in responses to small and large doses of these agents will be 
discussed later, 


Fig. 8. Exp. 1. Dog, female, 6-6 kg. Pentobarbitone. Vagotomized. A, 20 mg./kg. dibenamine; 
B and Bi, noradrenaline; C, adrenaline. Duration of infusion of adrenaline (0-2 mg./min.) 
shown by arrow (ADR.). Exp. 2. Dog, male, 7-8 kg. Pentobarbitone. Vagotomized. 
A, 5 mg. kg. F933. B, 10 mg. Kg. F933. C and Ci noradrenaline; D, adrenaline. Duration 
of infusion of adrenaline (0-2 mg./min.) shown by arrow (ADR.). 


Fig. 7 shows examples of results obtained in experiments in which di- 
hydroergotamine was used as the blocking agent. While again depressor 
responses were observed during both types of infusions after dihydroergo- 
tamine, the response was less striking during that of noradrenaline, and subse- 
quent injections of noradrenaline (B and B,) produced the usual pressor 
responses. Reversal followed the adrenaline injection in each experiment (C). 
This was, however, preceded by a rise in the noradrenaline experiment (lower 
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record, C). The exact significance of this difference in the behaviour of di- 
hydroergotamine is not clear. Orth & Ritchie (1947) have previously reported 
that after administration of dihydroergotamine, injection of adrenaline during 
n anaesthesia does not lead to a reversal effect. 


Fig. 9. Exp. I. Dog, female, 5-1 kg. Pentobarbitone. Vagotomized. A, 20 mg. /kg. dibenamine. 
B and B,, adrenaline; C, noradrenaline. Duration of infusion of adrenaline (0-2 mg./min.) 
shown by arrow (ART.). Exp. 2. Dog, female, 6-6 kg. Pentobarbitone. Vagotomized. 
A, 5 mg./kg. F933; B, 10 mg./kg. F933; C and C,, adrenaline; D, noradrenaline. Duration 
of infusion of noradrenaline (0-2 mg./min.) shown by arrow (ART.). 


Effects of dibenamine and F 933 when injected during infusion 
of adrenaline or noradrenaline in anaesthetized animals 

Figs. 8 and 9 show examples of results obtained when either dibenamine 
(upper records) or F 933 (lower records) was injected during infusions of either 
adrenaline (Fig. 8) or noradrenaline (Fig. 9). The immediate depressor responses 
shown during the adrenaline and noradrenaline infusions were rather like those 
observed with the other blocking agents—the noradrenaline depressor responses 
being less marked however. 

After the infusions were stopped the blood pressure progressively declined 
in these experiments (Fig. 8, Exp. 1, and Fig. 9, Exps. 1, 2), but increased 
slightly from the previously extremely low blood-pressure level induced by 
injection of F 933 during the adrenaline infusion (Fig. 8, Exp. 2). The subse- 
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quent. blood pressure level was also much lower in all experiments in which 
F 933 was injected. Furthermore, later injections of noradrenaline produced 
after both dibenamine and F933 a pressor response (Fig. 8, Exp. 1, B and Bi, 
and Exp. 2, C and Ci; Fig. 9, Exp. 1, C, and Exp. 2, D), while the depressor 
response to adrenaline was always preceded also by some pressor effect (Fig. 8, 
Exp. 1, C and Exp. 2, D; Fig. 9, Exp. 1, B and B, and Exp. 2, C and Ci). 


Fig. 10. Exp. I. Dog, male, 11-9 kg. Pentobarbitone. Vagotomized. Dibenamine (20mg. /kg.) injected 
15 min. earlier, A and Ai, adrenaline; B and Bi, noradrenaline; C, ergotoxine. Duration of 
infusion of adrenaline (0-2 mg. /min.) shown by arrow (ADR.). Exp. 2. Dog, male, 7-8 kg. 
Pentobarbitone. Vagotomized. Dibenamine (20 mg./kg.) injected 15 min. earlier. A and A,, 
adrenaline; B and Bi, noradrenaline; C, ergotoxine. Duration of infusion of noradrenaline 
(0-2 mg. min.) shown by arrow (ART.). 
Effects of superimposed injections of ergotoxine in previously 
dibenaminized or benzodioxanized animals 
It has previously been observed by other workers (Nickerson, 1949) that the 
pressor response to ergotoxine is unaffected by a previous injection of diben- 
amine. A similar result has also been observed after previous injection of 
F933. In Fig. 10 are shown the effects of injections of ergotoxine (C) when 
given during infusion of either adrenaline (Exp. 1) or noradrenaline (Exp. 2) 
in previously dibenaminized animals. Under these conditions there is no evidence 
whatever of the usual ergotoxine pressor response, and subsequent injections 
of both adrenaline and noradrenaline produced reversed effects (A, and B,, in 
each experiment). On the other hand, Fig. 11 shows that under similar condi- 
tions injections of ergotoxine (C) in previously benzodioxanized animals 
produce immediate and intense pressor responses, despite the continued 
infusion of either agent. If the ergotoxine vasoconstriction is due to direct 
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muscle stimulation, it is not clear why it should occur after one blocking agent 
and not after the other and, furthermore, why it should occur during infusion 
of adrenaline or noradrenaline under these conditions. It may also be seen that 
in the F933-adrenaline-ergotoxine experiment (Exp. 1) subsequent injection 
of noradrenaline (A,) produced a pressor response, although the adrenaline 
reversal still occurred (Bi). On the other hand, in the F933-noradrenaline- 
ergotoxine experiment (Exp. 2) reversals occurred with both agents (A, 
and Bi). 


Fig. 11. Exp. 1. Dog, male, 7-8 kg. Pentobarbitone. Vagotomized. F933 (15 mg./kg.) injected 
in two administrations 10 min. earlier. A and A,, noradrenaline; B and B,, adrenaline; 
C, ergotoxine, Duration of infusion of adrenaline (0-2 mg./min.) shown by arrow (ADR.). 
Exp. 2. Dog, female, 6-6 kg. Pentobarbitone. Vagotomized. F933 (15 mg./kg.) injected in 
two administrations 10 min. earlier. A and A,, adrenaline; B and Bi, noradrenaline; C, ergo- 
toxine. Duration of infusion of noradrenaline (0-2 mg./min.) shown by arrow (ART.). 
These results may be somewhat confusing, but they show clearly that in the 
dibenaminized animals ergotoxine vasoconstriction is blocked in the usual 
manner by the infusions of these agents, but still occurs under otherwise 
similar conditions in benzodioxanized animals. 
Effects of pressor pituitary extract upon the blood pressure 
responses to noradrenaline after ergotoxine 
It has previously been shown by Stehle & Melville (1947) that during pituitary 
vasoconstriction the adrenaline reversal effect is diminished or converted into 
a pressor response. Fig. 12 shows that the noradrenaline reversal observed 
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after a previous injection of ergotoxine (during a noradrenaline infusion) is 
also considerably diminished (C and D) by a pituitary infusion, as compared 
with the control responses (A and B) or the effects observed later (# and F) in 
the same experiment. 

In similar experiments which were carried out on anaesthetized dogs, the 
noradrenaline inversion was actually replaced by a pressor response, as in our 
earlier adrenaline experiments. As previously suggested, this latter response was 
probably due to cardiac stimulation. i 


Fig. 12. Exp. I. Cat, female, 2-65 kg. Chloralose. Atropinized. Ergotoxine injected during 
noradrenaline (0-1 mg./min.) infusion, earlier. A-—F, noradrenaline. Duration of infusion of 
pressor pituitary extract (20 pressor units/min.) shown by arrow (Pit.). An interval of 20 min. 
elapsed between D and F. Exp. 2. Cat, female, 2-05 kg. Chloralose. Atropinized. A, pressor 
pituitary extract (20 units); B, ergotoxine; C, D and F. noradrenaline. F and G, adrenaline. 
An interval of 20 min. elapsed between E and J. 

Exp. 2 (Fig. 12) shows an example of a result which would rather suggest 
that the pressor response observed from a noradrenaline injection after previous 
injections of both pituitary extract and ergotoxine is also due to the intense 
cardiac stimulation produced by this agent. Thus, it can be seen, that following 
pituitary injection (A) there was the usual pressor response, but the heart action 
was already probably poor due to coronary constriction. The superimposed 
injection of ergotoxine (B) led to a further depressor response as shown. This 
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was probably due in part to the added coronary constriction produced by the 
ergotoxine and in part to further increase in peripheral resistance. An injection 
of noradrenaline at C now induced an exceedingly rapid and intense pressor 
effect, the blood pressure rising to over 200 mm. of mercury. This was asso- 
ciated with marked cardiac stimulation as could be readily seen from the 
excursions of the manometer. Since both pituitary and ergotoxine produce 
peripheral vasoconstriction the earlier blood pressure decline in this experiment 
could hardly be due to peripheral vasodilatation. In fact, when the blood 
pressure was being maintained at a high level following the first noradrenaline 
injection, a second injection at D now produced little or no effect. Only a 
slight adrenaline reversal also occurred under these conditions (E). Later, 
when the pituitary vasoconstriction was wearing off, repetitions of the injections 
of noradrenaline and adrenaline gave the responses shown at F and G. 

It would appear, therefore, that pressor responses to noradrenaline in the 
ergotoxinized animal may be primarily of cardiac origin. 


DISCUSSION 


The exact mechanism of the noradrenaline depressor response shown in the 
above experiments and why it is not in evidence following ordinary or simple 
injections of these blocking agents is not entirely clear. There is no doubt that 
in the presence of circulating adrenaline or noradrenaline the actions of these 
blocking agents appear to be more intense, so that now good and complete 
adrenaline reversals are always obtained, and in addition the action of nor- 
adrenaline is reversed. | 

The noradrenaline vasodepressor effect appears to be due to peripheral 
vasodilatation, since it is diminished or abolished by pituitary vasoconstriction. 
The recent report by Burn & Hutcheon (1949) of noradrenaline vasodilatation 
in the perfused rabbit ear also supports this view. 

On the other hand, predominance of a pressor response with noradrenaline 
in the ordinarily ergotoxinized animal, and the pressor effect of this agent 
shown in the pituitary-ergotoxine experiments, would rather suggest that these 
responses are of cardiac origin. The complicating effect of cardiac stimulation 
in the adrenaline reversal phenomenon has long been known (Barger, 1938). 
It is conceivable, therefore, that following a simple ergotoxine injection, con- 
comitant with the observed pressor response the heart action might be impaired 
both as a result of the intense increased peripheral resistance and the coronary 
constriction produced by ergotoxine. It has previously been reported by other 
workers and also shown in these experiments that a small dose of adrenaline 
after ergotoxine often produces a transient pressor response. This also occurs 
with noradrenaline, and is probably due to cardiac stimulation. Crismon & 
Tainter (1938) have shown that in the cat heart-lung preparation noradrenaline 
exerts a stronger cardiac stimulating action than adrenaline. This might account 
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for its predominant pressor action after ergotoxine. Indeed, comparative 
studies of the pressor and local vasoconstrictor actions of adrenaline and nor- 
adrenaline, as reported by Marsh et al. (1948) would indicate that, when the 
pressor effects of small doses of adrenaline and noradrenaline are compared, 
the two agents show about equal potency, but when the pressor effects of large 
doses are compared noradrenaline is more potent than adrenaline. On the other 
hand, when compared for their effects in the perfused rabbit ear, adrenaline is 
1-5 to 2-5 times more active than noradrenaline in causing vasoconstriction. 
The differences in the pressor responses with different doses might be due to the 
stronger cardiac stimulating action of noradrenaline. The observation of 
Barcroft & Konzett (1949) that noradrenaline produces a greater increase in 
systolic pressure than adrenaline would also support this possibility. The 
effects of noradrenaline on heart action are being further investigated. 

The observation that the pressor response to noradrenaline can be reversed 
by F933 is of special interest in connexion with the suggestion of Goldenberg 
et al. (1947) that this agent might be useful in the differential diagnosis of cases 
of hypertension, due to the presence of increased circulating adrenaline such 
as occurs in adrenal tumours, the implication being that in cases of hypertension 
due to other causes a negative result would be observed. It is clear from the 
above results that injection of F933 can produce a depressor response during 
hypertension caused by the presence of either adrenaline or noradrenaline. 
Evidence accumulates that noradrenaline, like adrenaline, is an important 
physiological agent; however, its exact physiological and ee functions 
are still obscure. 

Finally, the results presented above throw no direct light on the question 
whether adrenaline or noradrenaline is the sympathetic chemical mediator 
substance. These findings indicate that previously observed differences in the 
blood pressure responses to these two agents after injection of ergotoxine or 
other blocking agents might be more apparent than real, since under suitable 
conditions the blood-pressure response to either agent can be reversed. The 
blood-pressure responses to adrenaline and noradrenaline after sympathetic 
blocking drugs therefore differ only quantitatively. It is of interest in con- 
nexion with this question to note that Burn (1932) observed that the magnitude 
of the vasodilator response to sympathetic nerve stimulation in the dog depends 
upon the amount of circulating adrenaline. However, Bülbring & Burn (1935) 
have shown that this vasodilatation is abolished by atropine, unlike the 
vasodilatation produced by adrenaline after ergotoxine. The noradrenaline 
depressor effect shown above still occurs in the atropinized animal. Since these 
workers (Biilbring & Burn, 1949) have recently shown that adrenaline can be 
formed. from noradrenaline in the body, it is conceivable that such a trans- 
formation might be partly responsible for some of the effects shown. This, 
however, is purely hypothetical. The comparative effects of sympathetic nerve 
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stimulation and of injections of adrenaline and noradrenaline after administra- 
tion of these blocking agents during injection of adrenaline or noradrenaline 
are being investigated. 

SUMMARY 

1. It is shown that in the spinal cat the pressor response from a continuous 
infusion of noradrenaline, like that of adrenaline, can be immediately, or 
almost immediately, inverted by a superimposed injection of ergotoxine, 
ergotamine, hydergine, dihydroergotamine, dibenamine or the benzodioxane 
compound (F933). 

2. In animals anaesthetized with pentobarbitone, chloralose or ether, some- 
what similar blood-pressure reversal effects of both agents are also observed 
under similar conditions, and after the infusions are stopped injection of either 
noradrenaline or adrenaline leads to a fall in blood pressure. This latter effect 
was not observed after injections of dihydroergotamine, dibenamine, or F933. 

3. After injection or during continuous infusion of pressor pituitary extract, 
the noradrenaline reversal is diminished or abolished or it may be replaced by 
a pressor response. 

4. Some observations on the blood-pressure responses following injections of 
ergotoxine during infusion of either noradrenaline or adrenaline in previously 
dibenaminized or benzodioxanized animals, are also reported. 

5. The possible mechanism of these effects are discussed, and it is suggested 
that (a) the observed depressor effects of noradrenaline are due to peripheral 
vasodilatation, while (b) the observed pressor responses to adrenaline and to 
noradrenaline after injection of these blocking agents are due mainly to cardiac 
stimulation. 

The writer is indebted to Prof. R. L. Stehle for his interest and inspiring discussions throughout 
the course of these investigations. 
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EFFECTS OF NORADRENALINE ON CORONARY FLOW 
AND HEART CONTRACTION, AS RECORDED 
CONCURRENTLY IN THE ISOLATED 
RABBIT HEART 


By F. C. LU“ anp K. I. MELVILLE 
From the Department of Pharmacology, McGill University, Montreal, Canada 
(Received 12 July 1950) 


In connexion with earlier studies concerning the effects of adrenaline and other 
agents on coronary flow and heart contractions (Melville & Lu, 1950), the effects 
of noradrenaline were also similarly investigated. The object of this paper is to 
present the findings. While the actions of noradrenaline on coronary flow have 
been tested by a number of different workers, in most of these studies the con- 
comitant effects on the heart contractions were not recorded. Crismon & 
Tainter (1938) have reported that racemic arterenol is twice as effective as a 
cardiac stimulant as laevo-adrenaline in cat heart-lung preparations—both 


agents increasing heart rate, decreasing systolic, diastolic and stroke volumes, 


and increasing the cardiac output. Using perfused frogs’ hearts, West (1947) 
observed that racemic adrenaline was 8 to 33 times as active (dose for dose) as 
racemic noradrenaline in inducing cardiac stimulation. 

Ahlquist (1948) has observed that in the isolated perfused rabbit heart both 
noradrenaline and adrenaline increase the rate and amplitude of contraction, 


but concomitantly decrease about equally (18 and 20%) coronary flow. Some 


slight increases (3 and 4%) were also recorded in these experiments. On the 
other hand, Marsh, Pelletier & Ross (1948), using isolated hearts of cats and 


| rabbits perfused by a modified Langendorf procedure (details not given), 


concluded that both agents produce cardioacceleration, increased cardiac output 
and increased coronary outflow. 

Burn & Hutcheon (1949) observed that in the perfused cat heart both 
adrenaline and noradrenaline produced identical effects (initial brief decrease 
followed by increase) on coronary flow. The amplitude and rate of contractions 
were also increased by both agents, though racemic noradrenaline (0-26 fg.) 
had less effect on rate than laevo-adrenaline (0-1 hg.). With half of these 
doses the effect on rate was the same for both agents, but the initial 
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constriction was absent. In the dog heart-lung preparation (with the Morawitz 
cannula) these workers also found that doses of 2 yg. of laevo-adrenaline 
and 4 yg. of racemic noradrenaline, exerted similar coronary dilator effects, but 
the action of noradrenaline was more prolonged. 

Folkow, Frost & Uvnas (1949), from observations on coronary sinus outflow 
in cross-circulation coronary perfusion experiments on dogs under pentobarbi- 
tone, concluded that both adrenaline and noradrenaline increase coronary 
blood flow, but that noradrenaline was less potent. These workers also pointed 
out that coronary dilatation from these agents occur only when the heart is 
stimulated, and suggested the possibility that this effect might be only a conse- 
quence of the increased cardiac activity. Our own recent observations (Melville 
& Lu, 1950) would rather agree with the latter suggestion. 


METHODS 

The isolated rabbit heart perfused with oxygenated Locke solution was used. Full details of the 
apparatus and procedure used in these experiments have been described by Lu & Melville (1950). 
In a general way, the method employed permits recording pari paseu on a fast-moving 

the changes occurring concurrently in coronary inflow rate and heart action (both amplitude and 
rate of contractions). The tracings reproduced in the figures show from above downwards: (1) Time, 
at intervals of 10 sec. (2) Coronary flow changes recorded by a signal magnet—each interval 
corresponding to an inflow of 3 0. o. into the coronary vessels. The rates of coronary flow per minute 
calculated on this basis are also shown (O..). (3) Heart contractions (systole above, diastole below) 
as recorded by a lever attached to the apex of the ventricle. The number of heart beats occurring 


during 6 short segment of the records can be counted. From this the heart rate per minute (H. n.) 
can be calculated. 


Racemic noradrenaline hydrochloride (arterenol) was used, and the volume of solution injected 
in each case was 1 c.c. made up in Locke. The injections were given through a rubber connexion 
attached to the perfusion cannula near the heart, and while the records were being taken. The 
reader is referred to the previous publication (Lu & Melville, 1950) for further details. 


RESULTS 


Figs. 1 and 2 show examples of the effects of increasing doses of noradrenaline 
on coronary flow and heart contractions. The smallest dose tested (A), as 
shown in Fig. 1, produced no detectable response. The record however demon- 
strates that under these conditions, the volume injected exerts no complicating 
effect. Following injection of a dose of 0-00006 mg. (B) one sees a rapid 
(within 10 sec.) decrease in the rate of coronary flow per minute, associated with 
some cardiac acceleration—the amplitude of the contractions was also slightly 
increased. Subsequently, the coronary flow promptly returned to the normal 
rate, although a slight increase in heart rate persisted longer. When a larger dose 
(0-0003 mg.) was injected at C in another experiment, there was again a brief 
initial decrease in the rate of coronary flow, associated with more marked 
stimulation of the heart. Subsequently, however, while the amplitude and the 


rate of the contractions were diminishing, the rate A. coronary flow was 
definitely increased. 
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Fig. I. Isolated rabbit heart perfusion. “Records of three experiments, as described in the text. 
A, 0-000012 mg.; B, 0-00006 mg.; C, 0-0003 mg. noradrenaline. 
Fig. 2. Isolated rabbit heart perfusion. re 
A. 0-0016 mg.; B. noradrenaline. 
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Fig. 2 shows effects of still larger doses of noradrenaline. Thus, following 
injection of a dose of 0-0016 mg. at A, there is a prompt intense myocardial 
stimulation—systole, diastole and heart rate being increased. Concomitantly, 
there was no significant change in coronary flow, although the figures show a 
slight decrease from 10-6 (before) to 10-5 (after the injection). The record also 
shows clearly that as the peak of cardiac stimulation is passed and both the 
heart rate and amplitude of contractions are declining, coronary flow pro- 
gressively increased at first (to 13-6 and 16-1 c.c./min.,), and then decreased 
later. 

The other experiment in the same figure shows similar but much more intense 
effects following injection (B) of a dose of 0-008 mg. of noradrenaline. With this 
and higher doses, the intensity of the heart contractions was so marked that in 
order not to obscure the coronary flow record it was necessary to restrict the 
upper excursions of the tip of the lever. This is evident from the flattened 
appearance of the upper part of the record during the immediate post -injection 
period. This slight mechanical interference with systole could hardly have 
influenced the results. It is clear then that as in the preceding experiment, the 
rate of coronary flow was only slightly increased during the peak of the stimula- 
tion, but increased considerably when this effect was wearing off. As can be 
seen with the subsequent progressive decline of the heart rate and heart 
contractions, the coronary flow progressively decreased almost to the control 
rate. Similar results to those described above were obtained in several other 
experiments. 

These observations show clearly that following injections of small doses of 
noradrenaline, there is an initial decrease in the rate of coronary flow associated 


with cardiac stimulation. With larger doses the immediate intense stimulating — 


effects of the drug predominate and concomitantly the coronary flow shows 
little or no increase, but as the stimulation declines good coronary dilation 
ensues. 

In the course of these investigations noradrenaline in varying doses was 
injected in twenty different experiments. The data obtained from ten experi- 
ments, in which doses ranging from 0-000012 to 0-0016 mg. were used, are 
analysed somewhat further in Table 1. The results obtained in two experiments 
with rather large doses (0-2 mg.) are also included. 

The data presented in the table show that during the control period in the 
different experiments the coronary flow per minute varied from 7:3 to 19-2 
(average 11-8) C.., while the heart rate per minute varied from 93 to 135 
(average 119) beats, and the coronary flow per beat varied from 0-064 to 0-159 
(average 0-099) c.c. During the 5-10 sec. immediately following the injections, 
both the coronary flow per minute and per beat decreased in all experiments 
shown, except in Exp. no. 1, in which it was unchanged, and Exps. nos. 10 and 
11 where the increases were only 1:2 and 11-4%, respectively. Again, during 
the subsequent observation periods in Exps. nos. 1-7, there was a similar 
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| decrease in coronary flow per beat, despite the fact that the coronary flow per 
minute was normal (Exp. no. 2) or slightly increased (Exp. no. 7). It is apparent, 
therefore, that with small doses noradrenaline induces predominantly a de- 


crease in coronary flow. 
1. 
Control ol period After noradrenaline Increase ( +) or 
Dose of nor- r A — decrease ( L 
Exp. injected Time inflow inflow per heart beat 
no. (mg.) (o. — (sec.) (0. 0./ min.) (c.c./beat) (%) 
: 1 0000012 15-0 110 0-136 5-10 15-0 110 0-136 0 
2 000006. 19-2 121 0-159 5-10 15-8 131 0-121 24-0 
30 19-2 128 0-150 67 
3 000006 111 135 0-082 5-10 9-9 142 0-070 -14-7 
4 _0-00006 11-7 133 0-088 5-10 11-2 136 0-082 68 
5 00003 17.3 121 0-143 5-10 15-0 140 0-107 — 25-2 
| 30 15-8 128 0-123 -140 
6 0-0003 10-2 146 0-070 5-10 9-7 198 0-049 — 30-0 
30 10-0 150 0-067 - 43 
7 00003 11-4 117 0-097 5-10 10-8 122 0-088 — 93 
12-2 126 0-097 0 
8 00016 10-6 94 0-113 5-10 10-5 137 0-077 —31·8 
16˙1 113 0-143 +17-7 
9 00016 8-7 136 0-064 5-10 7-4 147 0-050 -21-9 
10-2 157 0-060 — 63 
10 00016 10-5 123 0-085 5-10 12-0 140 0-086 + 12 
14-5 137 0-106 +24-7 
1 02 73 93 0-079 5-10 12-5 142 0-088 +11-4 
20-30 16-1 194 0-083 + 
| 60 28-1 226 0-124 +57-0 
2 02 8-5 104 0-082 5-10 10-7 143 0-075 - 85 
14-1 174 0-081 — 12 
60 17-7 190 0-093 +13-4 
90 16-4 206 0-080 ~ 9 


During the later observations in Exps. nos. 8-12, there was uniformly an 
increase in the coronary flow per minute, associated with increase in the heart 
rate, but the coronary flow per beat was either increased (Exps. nos. 8, 10 and 
11) or decreased (Exps. nos. 9 and 12). In the latter experiment there was also 
a transient increase. In the last two experiments, despite the high coronary 
flows per minute recorded, the intense cardiac stimulation undoubtedly impeded 
the flow, and the coronary flow per beat was definitely less increased. 
The results obtained in six other experiments, in which doses ranging from 
0-008 to 0-04 mg. were injected, were rather like those shown in Fig. 2, B, and 
need no comment. Both increases and decreases in coronary flow per minute 
and per beat were noted. 


DISCUSSION 


The results presented above show that noradrenaline, like adrenaline (Melville 
& Lu, 1950), can induce both increases and decreases in the coronary flow per 
minute and the coronary flow per beat is generally decreased rather than in- 
PH. OXIII. 24 
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- creased, except with very large doses. With small doses decreases in flow occur 
more frequently and are generally more marked. This coronary vasoconstriction 
is also apparently always associated with some cardiac acceleration and stimu- 
lation, and would therefore appear to be due to these latter effects. 

With moderate and large doses of noradrenaline the initial decrease in coro- 
nary flow is less evident, but the myocardial stimulation is much more intense, 
and usually not prolonged, since the drug is rapidly washed through the heart 
in this preparation. The myocardial stimulation is also always followed sub- 
sequently by an intense and prolonged increase in the rate of coronary flow. 
These results show clearly that noradrenaline can lead to coronary vasodila- 
tation. The question arises, however, whether this is due to a primary effect or 
is only a secondary effect resulting from the increased myocardial stimulation. 
A definite answer to this question cannot bé given. Since the stimulating effect 
of adrenaline on the myocardium wears off so quickly even with large doses, it 
might be assumed that the injected adrenaline has either been rapidly removed 
from the heart by the perfusion fluid or rapidly destroyed. Why the coronary 
dilatation should therefore persist is not clear. It is suggested that these dilator 
effects may be partly due to metabolites produced during the intense myocar- 
dial stimulation induced by the drug. 

The results obtained with noradrenaline in these experiments were similar 
to those previously described in similar experiments with adrenaline (Melville & 
Lu, 1950), except that noradrenaline appears to exert a stronger myocardial 
stimulation. The effects of the two agents on heart rate and on coronary flow 
(both per minute and per heart beat) do not appear to be significantly different, 
except that decreases in coronary flow appeared to occur more often with 
noradrenaline than with adrenaline. This might be explained by its stronger 
action on the heart. | 

The different types of results obtained with different doses of noradrenaline 
might also explain some of the variations in the results described by previous 
investigators, particularly when the coronary flow changes are not recorded in 
continuity. 

We have tried in several experiments to abolish the above-described effects 
of noradrenaline either by a preceding injection of ergotoxine, or ergotamine, 
or by perfusing with either agent. The results were rather variable. In such 
experiments while both the coronary and myocardial effects of small doses of 
noradrenaline (and adrenaline) were sometimes completely or almost completely 
prevented, it was always possible to obtain effects with large doses. The cardiac 
effects of noradrenaline then, like those of adrenaline, cannot be completely 
prevented by ergotoxine, or ergotamine. It is clear from the above results that 
noradrenaline exerts a strong myocardial stimulating action, which might 
conceivably play an important role in the blood-pressure responses to this agent, 
as suggested by one of us in the preceding paper (Melville, 1951). 
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SUMMARY 


1, Experiments are presented to show that noradrenaline induces both 
coronary constriction and coronary dilatation in the isolated perfused rabbit 


heart, and that the coronary flow per heart beat is generally decreased except 


with large doses. 

2. It is also shown that the drug produces marked myocardial stimulation, 
and it is suggested that this is largely responsible for mechanically impeding 
coronary flow. 

3. The possibility that the coronary vasodilatation might be wholly or partly 


due to a secondary effect resulting from the intense myocardial stimulation is 
discussed. 
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POTENTIAL CHANGES OF THE SPINAL CORD 
FOLLOWING DIFFERENT TYPES OF 
AFFERENT EXCITATION 


By M. G. F. FUORTES* 
From the Physiological Laboratory, University of Cambridge 
(Received 19 July 1950) 


The slow potentials that can be recorded from dorsal and ventral roots as 
a consequence of arrival of impulses at the cord have been studied by a number 
of authors. Barron & Matthews (1938) have shown that they propagate electro- 
tonically along the roots, that the dorsal root potential (DRP) follows the 
arrival of impulses and spreads widely along the cord, following nervous path- 
ways, and that the reflex discharge of the motoneurones follows and presumably 
is occasioned by a certain rise of the ventral root potential (VRP). They assume 
(p. 315) that the two components which are sometimes seen in the VRP of 
mammals are originated by the impulses reaching the motoneurones via 
a monosynaptic and a plurisynaptic path respectively. 

Fessard & Matthews (1939) have recorded the DRP which follows the arrival 
at the cord of single impulses originating in skin receptors of frogs, but could 
not detect any appreciable DRP as a consequence of a single impulse arriving 
from muscular receptors, though some spinal negativity could be recorded 
from the dorsal roots following repetitive stimulation of purely muscular nerves. 
This finding implies that the reaction of spinal structures to impulses arriving 
from muscular or cutaneous nerves can have quite different features. The 
results obtained by Lloyd (1943), using electrical stimulation of purely muscular 
or cutaneous nerves in mammals, support this, showing that the features of the 
reflex arising from the excitation of the two different sources are clearly 
different, mainly on account of the fact that (in the cat) monosynaptic relays 
subserve the myotatic reflex, while impulses flowing along skin nerves reach the 
neurones via the interneurones (see also Renshaw, 1940). Eccles (1946) con- 
siders that muscular impulses stimulate the motoneurones through the inter- 
neurones as well as through a monosynaptic path, and interprets the effects of 
a certain degree of anaesthesia on the VRP of both cats and frogs as due to the 
selective block of the plurisynaptic path. Evidence of dual spinal reaction to 
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mixed stimulation has also been obtained by Dun & Feng (1944) who have 
observed that the DRP of frogs after propagation along the cord is composed 
of two waves, the second and more conspicuous of which he considers to be due 
to the activity of the internuncial neurones. 

The present research has been performed with the aim of studying the slow 
potentials of the spinal cord and their relationships with the propagated im- 
pulses, following selective excitation of muscular or cutaneous nerves and 
receptors. 

METHOD 
The experiments have been performed on frogs. The animals have been dissected under ether and 
have been allowed to recover before recording. The spinal cord was generally severed at the level of 
the 3rd roots, and the immobility of the animal was secured by cutting an adequate number of 
ventral roots. When sensory stimulation was used, a muscle or a small area of the skin or both were 
dissected free, maintaining their nervous connexions with the central nervous system, and severing 
all other nerve branches. Graded tension of the muscle or pressure of the skin were obtained from 
a moving coil device energized electrically, and so the sensory stimulus could be synchronized with 
the cathode-ray oscilloscope for photography. For the electrical stimulation, induction shocks were 
delivered to the peripherally cut sciatic trunk, or to one of its muscular or cutaneous branches in 
the thigh, or to a dorsal root. When electrical stimuli were delivered to a nerve trunk, the ventral 
roots were severed. Chlorided silver electrodes, none of which was earthed, have been used for 
leading off: as a rule the proximal one made contact with the cord, and the distal one was 2-8 mm. 
away, but controls have been made avoiding contact with the cord. In some experiments, the 
conventional method of leading off from a cut dorsal root was used, but in most cases the dorsal root 
used for recording was kept intact. In these cases, controls have been performed to identify the 
artifacts that may result from the use of this technique. Electrodes and roots have been lifted in 
air or oil. Direct current (d.c.) or condenser coupled (r.c.) amplifiers have been used. The half value 
time of the r.c. amplifier was about 0-6 sec. The input was balanced in both instances. The recording 
was performed with a double-beam cathode-ray oscilloscope; the photography on moving paper or 
with a Leica camera. 
RESULTS 
I. Sensory stimulation 

(a) Dorsal root potential ; 

(1) Skin. Following the touch of an adequate area of the skin, a train of 
afferent impulses and a slow negativity (of the central electrode with respect to 
the peripheral one) appear on the dorsal roots. The relationships between 
impulses and slow waves are best seen when the discharge is unitary (Fig. 1A), 
and the findings agree with those of Fessard & Matthews (1939). The brief 
discharge of impulses which follows a light touch of short duration evokes as 
a rule a DRP of much the same shape as the one following the arrival of a single 
impulse or of a synchronous volley of impulses (Fig. 1 C); a prolonged touch 
evokes instead a prolonged negativity which lasts as long as the stimulus. 

(2) Muscle. When a pluck is applied to a muscle of the thigh, leg or foot, the 
potential changes which arise in the dorsal roots are formally similar to those 
following cutaneous stimulation (Fig. 1 D). Although it has not been possible to 
compare the shape of the DRP’s following one single impulse from cutaneous and 
muscular receptors respectively, it has been found that the DRP evoked by 
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a limited number of unitary musoular impulses (Fig. 1 B) is generally of smaller 
size, but is well comparable in its general outline to the one arising in analogous 
conditions from skin impulses. Increase of the strength and duration of the 
stimulation increases and prolongs the muscular DRP. Prolonged pull of 
a muscle evokes a sustained negative deflexion, as occurs with continued 
cutaneous stimulation. 


Fig. 1. Dorsal root potential evoked by unitary activity from skin (A) and from muscular receptors 
(B). Same following multi-fibre activity from skin (C) and muscular receptors (D). RC Ampli- 
fier. Electrodes on intact dorsal root, all other dorsal roots cut. Time 20 msec. 


(3) Spread along the cord. Using a preparation containing two intact adj acent 
roots, some properties of the propagation of the DRP along the spinal cord can 
be easily studied: after having checked that the sensory stimulus evokes 
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on the slow component of the VRP, but it has been generally observed that 
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approximately the same effect in both roots, records are taken with the elec- 
trodes on one of them. This root is then severed peripherally, and the recording 
is continued, taking care not to alter the position of the electrodes and to keep 
constant the sensory stimulus. In these conditions the DRP from cutaneous 
stimulation becomes apparently bigger on the cut root, presumably because of 
the increase of the interelectrode resistance, while muscular stretch which 
evokes an obvious DRP in the root through which the impulses enter the cord 
induces a DRP of smaller size (Fig. 2), and in some cases no potential can 
be detected on the adjacent cut dorsal root. It thus appears that the DRP’s 
arising from cutaneous and muscular stimulation respectively differ in their 
propagation along the spinal cord. 


Fig. 2. Dorsal root potentials evoked by equal sensory stimuli in an intact (A and C) and in a cut 
root adjacent to the root of entry (B and D). A and B cutaneous, C and D muscular sensory 
stimulation. Time 20 msec. Insets: arrangement of the electrodes (for details see text). 


(b) Ventral root potential 

(1) General features. In recent work (Bonnet & Bremer, 1948) there is 
a close parallel between VRP and DRP. But in the present work this has only 
been found to occur under limited conditions. Often the VRP and DRP may be 
quite unlike, as is also true in the mammal (Barron & Matthews, 1938). 
Moreover, the spike-like waves on the VRP, which in the past have been taken 
as the signs only of propagated impulses, have often been found to be non 
propagating. This is illustrated in Fig. 3, and emphasizes the need for caution 
in interpreting records taken from electrodes close to the cord. Sometimes 
decrementally propagated sharp waves and efferent impulses are both present 
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when the nonpropagated sharp waves are most developed, very little or no 
reflex discharge is seen. This unexpected finding has not been considered here in 
relation to its possible physiological significance, but only as an undesired com- 
icating factor; and until future work has clarified the nature of the non- 
propagated sharp waves, discussion of them will be omitted. 5 


Fig. 3. Ventral root potential evoked by sensory stimulation. No propagated efferent discharge. 
Electrodes on cut ventral root, interelectrode distance 2 mm. A: proximal electrode in contact. 
with the cord; B: 2 mm. away; C: 4 mm. away; D: 6 mm. away. Time: 20 msec. 


(2) Skin. The shape of the VRP, with its slow and fast components, may 
display a great variability in different conditions, as Barron & Matthews (1938) 
have already emphasized. When sensory stimulation of the skin is used, its 
height and duration vary with the intensity and duration of the stimulus. As 
a Tule, a suddenly applied stimulus of medium strength and short duration 
evokes a smoothly rising and decaying negativity with superimposed spikes 
(Fig. 8 A). The negative deflexion may last for a long time if the stimulation is 
maintained, as happens for the DRP. The sharp waves only appear when the 
slow negativity exceeds a certain minimal level, and may quite often be present 
also on its descending slope. | 

(3) Muscle. The VRP following the arrival of muscular afferent impulses is 
strikingly different from the one consequent upon the arrival of skin impulses: 
The slow wave is generally so small that, using the amplification which is 
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optimal for recording the ‘cutaneous’ VRP, only a hardly appreciable negative 
deflexion can be observed (Fig. 4 D). The physiological significance of this 
inconspicuous wave is shown, however, by the eventual presence on or near its 
highest point of spike potentials. These are less numerous than those following 
stimulation of the skin. The relative proportion of propagated and non-pro- 
pagated components has not yet been studied. No effect has been observed on 
the ventral roots when the muscular impulses reach the cord via an ipsilateral 
dorsal root not corresponding to the ventral root used for recording, whereas 
cutaneous impulses entering by other roots produce an effect. Prolonged 
muscular excitation induces sustained negativity, but this is also much lower 
than the one following continued stimulation of the skin. 
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Fig. 4. Ventral root potential recorded from out X ventral root following brief sensory stimulation 
of decreasing intensity, A-C: of skin, and D-F: of muscular stretch receptors. Time 250 msec. 


II. Electrical stimulation 


Sensory stimulation gives the most reliable selection of impulses of pure 
cutaneous or muscular origin, but selective excitation of various nerve trunks 
or twigs has also been performed, with the aim of obtaining slow potentials of 
the simplest form on the arrival of a synchronous spike. The differential stimu- 
lation of muscular or cutaneous fibres has been attempted by using terminal 
twigs of the sciatic to different muscles or skin areas, or by applying graded 
stimuli to mixed nerve trunks. None of these methods has been found com- 
pletely reliable for obtaining (in frogs) selective excitation of fibres of different 
origin, and perhaps only very weak stimuli delivered to more or less pure 
muscular nerve twigs could consistently evoke selective excitation of muscular 
fibres. Owing to the small average size of the English frog, there is, in fact, the 
possibility that the stimulating current may spread and reach other fibres of high 
excitability contained in the main trunk. It seemed therefore that an analysis 
of the effects of the electrical excitation of purely muscular or cutaneous 
nerve fibres could more conveniently be carried out in mammals, and the 


only analysis attempted here was based on the study of series of DRP’s and 
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’s resulting from stimuli of smoothly increasing strength, delivered to 
various nervous branches of the sciatic. It has never been assumed a priori 
that the excitation was limited to particular types of afferent fibres. 

(a) Dorsal root potential after sciatic stimulation. Lloyd & McIntyre (1949) 
have pointed out some of the factors which can complicate the picture of the 
DRP when it is led off from an intact dorsal root. Despite all precautions, some 
complications could not be avoided in the present experiments: the potential 
changes recorded from an intact dorsal root when electrical stimulation of 
medium strength was applied to the sciatic consisted in a monophasic sharp 
wave apparently revealing negativity of the central electrode, followed by the 
conventional, smooth dorsal root potential. This latter slow wave can start 
from the end on the zero line, or, when stronger stimuli are used, from any 


Fig. 5. Dorsal root potential evoked by electrical stimulation of the sciatic, and recorded from an 
intact dorsal root. Time 20 msec. Inset: superimposed records of afferent spike led off from 


electrodes on the intact dorsal root, near (monophasic spike) and at some distance (diphasic 
spike) from the cord. Time 3-3 msec. 


point of the descending slope of the initial sharp wave. Above a certain degree 
of strength of the stimulus, a small sharp wave is very often seen at the junc- 
tional point of the two major waves, or soon after (Fig. 5). It has been possible 
to ascertain that the first sharp wave is due to a deformation of the incoming 
spike. The second smaller wave may represent the outcoming discharge along 
the recurrent fibres contained in the dorsal roots, as it was never observed when 
the neighbouring dorsal roots were severed. With reference to the problem of 
the selective stimulation it may be noted that on increasing the stimulus 
smoothly from a minimal value, no characteristic changes of the DRP are 
ps that can safely be attributed to excitation of different types of 
(6) Ventral root potential after sciatic stimulation. The VRP evoked by stimu- 
lation of the sciatic nerve may have quite different shapes in different pre- 
parations and experimental conditions, as Barron & Matthews (1938, p. 294, 
fig. 14) have already noted. Stimuli of medium strength evoke in some cases 
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Fig. 6. Fig. 7. 


Fig. 6. Ventral root potentials recorded from IX ventral root following stimulation of the sciatic of 
increasing strength (from below). Two components of the slow wave are apparent in the lower 
records. Gain reduced between E and F. Time 20 msec. 


Fig. 7, Ventral root potential. A: following one shock to the sciatic, delivered after a period of 


quiescence; B: following another equal shock, I sec. later. Note change in form of potentials. 
Time 20 msec. 
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a VRP in which two components are evident, while in other cases the over- 
lapping of sharp waves (among which are possibly efferent discharges) makes 
the shape of the VRP highly irregular. The double or triple wave which Barron 
& Matthews (1938) often found in mammals has never been observed in the 
present experiments on frogs, but monophasic or complex sharp waves some- 
times preceded the slow potential when the proximal electrode made contact 
with the cord. These waves have been considered as unrelated to the VRP and 
have been disregarded in this study. 

Weak electrical stimulation of the sciatic or of a dorsal root resulted in many 
cases in a very small VRP, possibly overlapped by sharp waves, much like that 
following muscular sensory stimulation (Fig. 9 F). The earliest change induced 
by increase of the stimulus consisted generally in the building up of a further 
and apparently different hump: this hump increases with the increase of the 
stimulus, and may eventually become fused with the earlier wave. Above a cer- 
tain degree of depolarization, irregular sharp waves and efferent discharges can 
appear (Figs. 6 and 9). When the conditions of excitability are good, the efferent 
reflex activity following the arrival of a synchronous spike can last for many 
seconds. In some cases this delayed activity appears to be ‘self-sustained ’, and 
actually, instead of decreasing progressively with time, it may build up in 
bursts of intense efferent activity, which is also superimposed on a late slow 
negative wave (Fig. 7). 

(o) Stimulation of pure branches. Similar results are obtained both in dorsal 
and ventral roots following stimulation of muscular or cutaneous branches of 
the sciatic, but it is doubtful whether these stimuli really evoke selective 
excitation of fibres of different origin in the present experimental conditions 
(see above). 

III. Relationships between DR and VRP 

Though the study of the relationships between DRP and VRP was not the 
primary object of this research, some of the W which have — will 
be briefly mentioned here. 

When electrical stimulation is applied to a mixed nerve, the 88 course 
of the VRP may follow closely that of the corresponding DRP, provided that 
a suitable strength of stimulus and adjustment of gain of the two channels are 
chosen (Fig. 9 C). Also when cutaneous sensory stimulation of medium strength 
is employed, no sharp discrepancies between the courses of the corresponding 
slow waves are observed (Fig. 8 A). The similarity of the two curves, however, 
is not a general feature: a weak electrical or sensory stimulus can evoke the 
appearance of a well-developed DRP, but no apparent deflexion on the ventral 
roots record, and, when the strength of the electrical stimulus to a nerve or 
dorsal root is such that only a simple and small VRP results, its highest point 
and the first sharp waves or spikes appear much earlier than the summit of the 
corresponding DRP (Fig. 9 F). Also when strong electrical stimuli evoke 
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Fig. 8. Corresponding ventral (above) and dorsal (below) root potentials evoked by sensory 
stimulation of skin (A) and of muscular receptors (B). Time 20 msec. 


— 


Fig. 9. Simultaneously recorded dorsal and ventral root potentials evoked by electrical 
stimulation of decreasing strength. Gain increased between A and B. Time 200 msec. 
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irregular non-propagated sharp waves on the VRP, no corresponding change 
results in the DRP. The same striking discrepancies of form are even more 
obvious when muscular sensory stimulation is used (Fig. 8 B). 


(a) Dorsal root potential. One of the advantages of leading off the DRP from 
an intact root lies in the fact that in these conditions the relationships between 
incoming impulses and slow waves are immediately apparent. The arrival of one 
or more impulses of whatever peripheral origin, is followed in normal conditions 
by the appearance of a DRP. Only when the animal is in deep anaesthesia or 


Fig. 10. Decaying slopes of ventral root potentials evoked by repetitive stimulation of the sciatic, 
d.c. amplifier. The last two of a series of 5 (A) and 17 (B) equal stimuli (frequency 18/sec.) 
are visible at the left of the records. Slower rate of decay and more intense and prolonged 
discharge after longer repetition. Time 100 msec. 


when there was reason to believe that the root used for leading off had suffered 
some damage (Barron & Matthews, 1938; Fessard & Matthews, 1939) do im- 
pinging impulses fail to give rise to the slow wave. 

The use of d.c. amplification shows that impulses may be present on the de- 
caying slope of the DRP only when the slow wave was evoked by an irregular 
train of impulses (sensory stimulation): however, electrical stimulation of 
constant strength or unitary sensory excitation evoked a prolonged negativity 
which was regularly maintained for the whole duration of the train of impulses. 

(6) Ventral root potential. Electrical signs of efferent activity can start from 
a very low level of central negativity of the VRP, especially when the reflex is 
evoked by selective excitation of muscular fibres, and they not only appear on 
the rising slope or highest point of the VRP, but can quite often be present in its 
decaying phase (Fig. 10). It should be noted, however, that the discharges 
evoked in the ventral roots with the present technique of stimulation and 
recording have always been very irregular and never displayed the signs of 
unitary activity. After repetitive afferent stimulation, the rate of decay from 
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the central negativity of the ventral roots is slower when the repetition is longer 
sustained, and also the spike potentials superimposed on this slowly decaying 
\ terminal slope are more numerous and longer sustained after longer stimulation 
(Fig. 10). Depending on the conditions of the reflex excitability of the pre- 
paration, a strong train of impulses may be followed only by the slow oompo- 
nent of the VRP, or, in other cases, a few afferent impulses may evoke intense 
and prolonged activity in the ventral roots. A synchronous afferent volley 
| evoked in the afferent path by electrical stimulation was never observed to 
} __ induce a synchronous discharge in the ventral roots, but the resulting activity 
| | was always a more or less long-lasting irregular train of asynchronous impulses, 
if the intensity of the stimulation was sufficiently high. 


DISCUSSION 


In order to compare the shape of the DRP’s evoked by cutaneous and muscular 
> stimulation respectively, it would be desirable to obtain in both cases slow 
| waves of the simplest form. The unitary DRP evoked by sensory muscular 
stimulation could not be recorded in this research (the slow adaptability of the 
muscular receptors renders it difficult to evoke a single afferent impulse), but 
the slow potentials following a brief asynchronous discharge or short unitary 
activity from cutaneous and muscular receptors, did not reveal an obvious 
qualitative difference in the general shape and time course. 

The observation that the DRP following muscular excitation has much less 
tendency to spread along the cord provides however a consistent functional 
distinction. 

The gradually increasing electrical stimulation of peripheral nerves also 
failed to show qualitative changes in he DRP that could be referred to excita- 
tion of different types of fibres. In particular, when leading from the same dor- 
ul root by which the impulses enter the cord, the double wave which Dun & 
| Feng (1944) have observed in a root far apart from the root of entry of the 

impulses, has never been noted. This finding can be explained by assuming that 
the presence of the afferent spike (deformed as above-mentioned by the con- 
ditions of recording) obscures the first wave described by Dun & Feng (1944); 

or, alternatively, it suggests that the two components of the DRP only become 
N evident after propagation of the slow wave along the cord. The latter inter- 
pretation seems to be more consistent with the finding that no evident duality 
of the DRP is apparent when the potential wave is led off from a cut dorsal root 
adjacent to the root of entry of the impulses. 

In contrast with the stability of the shape of the DRP’s evoked by different 
types of stimulation, the VRP showed a great variability of shape both for 
different types of sensory stimulation and following electrical stimulation of 
increasing strength. As already stated, the lowest electrical stimulus capable of 
evoking a VRP, quite often only gives rise to a very small deflexion with 
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steep-ascending and slowly-decaying slope (see Eccles, 1946, fig. 5). It is 
suggested here that this simple VRP is a consequence of the selective excitation 
of muscular afferent fibres, and thus identical in nature (not necessarily in shape) 
with that evoked by sensory muscular excitation. On the other hand, the 
better known VRP which follows an electrical stimulus of medium strength to 
a mixed nerve is considered here to be the result of fusion of two more ele- 
mentary slow waves that can be distinguished when weaker stimuli are used 
(Fig. 9 C-E). 

The observation that the level of negativity from which the first signs of 
efferent activity start is lower when the afferent impulses arrive through mus- 
cular than when they arrive through cutaneous fibres can be compared with 
Eccles’ (1946) finding that the early reflex discharge which follows excitation 
of the monosynaptic path of mammals, actually arise from a very low slow 
potential. 

An attempt to interpret the present results on the basis of the findings which 
have been established in mammals, however, is made difficult by the fact that 
the temporal course of the slow potentials, and apparently also some funda- 
mental features of the reflex, are widely different in mammals and amphibia 
respectively. In mammals, the reflex wave attributed to activation of the 
monosynaptic path is a synchronous volley which follows the stimulus by 
about 1 msec. (see, however, the different results and interpretations of Barron 
& Matthews, 1938). In frogs, instead, when the adjustment of the stimulus is 
such that efferent discharges only appear on the points of maximal negativity 
of the two waves which constitute the VRP following mixed stimulation, it can 
be observed that the early efferent waves have a delay of 10-20 msec., and the 
following ones of 25-50 msec, from the stimulus. When the strength of the 
stimulus is increased, the delay of both reflex discharges can be considerably 
reduced, but in no cases have minimal latencies of much less than 5 msec. been 
measured, Moreover, a synchronous early discharge has rarely been seen, but 
a long and asynchronous train of efferent impulses followed the synchronous 
incoming volley when the conditions of excitability were good. The divergence 
of shape of corresponding DRP’s and VRP’s which has been observed in many 
conditions, like the observation that the VRP only appears when the DRP 
exceeds a certain minimal value, suggests that the two slow waves do not 
originate in the same structures, and that the VRP is a response evoked by the 
stimulating action of the DRP (or, possibly, of the incoming spike). The idea 
that corresponding DRP and VRP may be different recordings of the same 
process (see Fessard & Posternak, 1950, p. 389) receives no support fromthe 
present work, The shape of the two corresponding slow waves is most different 
following afferent muscular excitation: if the connexions between muscular 
afferent fibres and motoneurones is monosynaptic in the frog, this observation 
would then be in agreement with Barron & Matthews’s (1938) original view 


| 
4 
| 
| 


SYNAPTIC POTENTIALS OF THE SPINAL CORD 385 


that the terminals of the afferent fibres are the locus of origin of the DRP, 
which is primarily an index of changes in the dorsal horns of the spinal cord 
(Dun, 1939). When the relationships between slow waves and impulses are 
considered, the finding that the DRP evoked by unitary activity of sufficient 
strength maintains a steady level of negativity for the whole duration of the 
train of afferent impulses assumes importance. For it shows that the 
occurrence of impulses in the descending slope of a composite DRP does: not 
necessarily mean that the late impulses fail to give rise to a slow negativity 
except on account of the development of occlusion. 

As already mentioned, efferent impulses may be present also in the decaying 
slope of a composite VRP, but it cannot be stated here whether this is a feature 
of the elementary relationships between unitary VRP and efferent impulses, or 
whether it is a consequence of the compounding of many VRP’s arising more or 
less asynchronously in different motoneurones. A unitary reflex discharge has 
never been recorded in this research, and it is probably experimentally impos- 
sible to evoke a unitary VRP. 

The use of d.c. amplification shows that intensity and duration of the reflex 
after-discharge which follows repetitive stimulation run parallel with the 
duration of the slow negativity itself, which, like the reflex, is longer after more 
prolonged repetition of the stimuli. The facilitation which is sometimes observed 
when the stimuli are repeated at low frequency (1/sec.) can be explained on 
the basis of the finding that the decaying slope of the VRP can at times last 
longer than 1 sec., and that summation of the slow negativities is present up to 
a certain ceiling. It seems, therefore, that a certain degree of depolarization of 
the motoneurones is the main factor conditioning the discharge of impulses. 
Barron & Matthews’s (1938) finding that some motoneurones have very slow 
accommodation to constant currents is in good agreement with this view. 

A tentative interpretation of the differences between the VRP’s following 
muscular and cutaneous excitation can be based on the assumption that the 
terminals of the muscular afferent fibres have greater convergence on few 
motoneurones than that of the fibres originating in the skin. In these con- 
ditions, the excitation of the former path could evoke a high and eventually 
supraliminal depolarization of but few neurones, while that of the latter would 
evoke a possibly lower depolarization of a larger pool of neurones, and it might 
be easily conceived that the total depolarization, as recorded from a ventral 
root, might be higher in the second case. The greater spread of the DRP of 
cutaneous origin along the cord could also be explained on the basis of this 
assumption. However, as this interpretation requires a number of assumptions, 
it should be considered no more than a provisional working hypothesis. 
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SUMMART 


1. The slow potentials of the spinal cord following different types of sensory 
and electrical stimulation ha ve been recorded from dorsal and ventral roots of 


2. The dorsal root potentials evoked by sensory stimulation of cutaneous or 
muscular receptors respectively are formally similar (Fig. 1), but the dorsal 
root potential evoked by muscular excitation is more localized in the cord 

2). 
1 The ventral root potentials evoked by brief cutaneous and muscular 
sensory stimulation respectively are widely different: the former is a smoothly 
rising and decaying wave, while the latter consists in a much smaller wave with 
sharply rising phase and slow decay (Fig. 4). 

4. Electrical stimulation of increasing strength applied to a peripheral nerve 
or dorsal root evokes dorsal root potentials of increasing voltage and of similar 
temporal course. The shape of the ventral root potentials, instead, changes as 
a consequence of the increase of the strength of the stimulus: at first only 
a small sharply rising wave appears, then a wave composed of two different 
_ humps, and finally a smooth wave in which the two elementary curves are 
probably fused together (Figs. 6 and 9). 

5. Corresponding dorsal and ventral root potentials have widely different 
shapes in many experimental conditions (Figs. 8 B and 9). Stimuli that give 
rise to a well-developed dorsal root potential may still be insufficient to evoke 
a ventral root potential. 

6. Itis suggested that a different morphological organization of the terminal 
branches of muscular and cutaneous fibres may account for the different formal 
and functional properties of the slow spinal waves and of the reflex evoked by 
activation of these two afferent paths. 
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. Since the demonstration by Henderson & Starling in 1904 that, in the cat, 


stimulation of the cervical sympathetic caused a transitory rise, followed by 
a fall, in the intra-ocular pressure, comparatively little work has been done on 
the general problem of the nervous factors in the control of this important 
function. In rabbits, Adler, Landis & Jackson (1924) have shown that cervical 
sympathectomy exaggerates the increase in intra-ocular pressure following 
occlusion of the abdominal aorta; a fact suggesting that the sympathetic acts by 
reducing the intra-ocular pressure. Yata (1930) reported no effect of sympath- 
ectomy per se on the normal intra-ocular pressure, whilst stimulation lowered 
it, at the same time lowering the general blood pressure. More recently, Jaffe 
(1948) has stated that cervical sympathectomy induces a temporary fall in the 
intra-ocular pressure of cats; and Schmerl & Steinberg (1949) that stimulation 
of the superior cervical ganglion lowers the intra-ocular pressure whilst 
stimulation of the ciliary ganglion raises it. Finally, clinical studies in humans 
suggest a chronically lowered intra-ocular pressure following stellectomy. 

The investigations to be reported here grew out of studies of the effect of 
N-mustard, the hydrochloride of methyl-bis(8-chloroethyl)-amine, on the eye; 
this substance, when instilled into the conjunctival sac, was found by Davson & 
Quilliam (1947) to cause a marked breakdown of the barrier between blood and 
aqueous humour, so that Evans Blue, which normally does not penetrate from 


the blood into the intra-ocular fluid, appears therein in significant quantities. 


It was observed that this effect was not confined to the treated eye, in the sense 
that the dose required to produce a lesion in one eye was smaller when the other 
eye was treated simultaneously. It was observed later (Davson & Huber, 
1950a), that N-mustard produced an acute rise in intra-ocular pressure of the 


treated eye, but as only one manometer was available at the time, the intra- 
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ocular pressure of the other eye could not be determined. In the present work 
the pressures in both eyes have been recorded simultaneously. Besides the 
effects of N-mustard, those of cervical sympathectomy, stimulation of the 
peripheral end of the cut sympathetic, and unilateral carotid occlusion, were 
studied in the normal eye and in the eye treated with N-mustard. The observa- 
tion that carotid occlusion caused a rapid fall in intra-ocular pressure on the same 
side, prompted a reinvestigation of the effects of this procedure on the rate of 
penetration of sodium into the aqueous humour (Bäräny, 1947 a), and this led 
to a measurement of the effects of carotid occlusion on the rate of drainage of 
aqueous humour from the eye. 


METHODS 

Intra-ocular pressure was measured simultaneously in both eyes by two separate membrane-type 
manometers, recently described by Davson & Purvis (1950). Movements of the membrane were 
magnified by a mirror which reflected a spot of light on to a scale on the wall; changes of 1 mm. Hg 
could be measured with ease. Hypodermic needles were connected to the body of the manometer 
by a length of polythene tubing. Nembutal was used as a general anaesthetic and pantocaine was 
applied locally to the eye. When nerve stimulation was involved, the cervical sympathetic nerve 
was isolated with a ligature, and the animal placed in the prone position over a hole on the operating 
table; section and stimulation of the nerve could then be carried out through this hole when the mano- 
meter needles were in position. This procedure was adopted to avoid the exophthalmos which occurs 
with the rabbit in the supine position; moreover, the needles are most conveniently inserted from 
above the eye; with the animal upright this permits steadying of the eye by holding the easily 
accessible superior rectus with forceps. The nerve was stimulated for 15-30 sec. with tetanic shocks 
from a Palmer induction coil. 

The relative rates of penetration of sodium into the two eyes were determined by giving a single 
intravenous injection of 2-4 ml. of isotonic “NaCl and counting, after dilution, the samples of 
aqueous humour, withdrawn half an hour later, in the chamber described by Maurice (1948). 
Counts were accurate to within 1%. The rate of drainage of aqueous humour was determined by 
measuring the rate of removal of p-amino-hippuric acid, by the technique described by Bäräny & 
Kinsey (1949). The principle of this method will be indicated in the Results Section; 
hippuric acid was determined chemically by the method of Bratton & Marshall (1939). Arterial 
pressure was measured by the classical manometric technique. : 


RESULTS 


The manometric method of determining intra-ocular pressure is not entirely 
satisfactory in that the trauma associated with the insertion of the needle 
produces an upset that is not readily compensated; thus it was rare to find 
identical pressures in the two eyes. A series of control runs, however, showed 
that the intra-ocular pressure changed only very slowly, and that frequently 
the two pressures approached each other. The slightest damage to the iris, or 
even the lens, caused by an inexpertly inserted needle, produced an immediate 
rise in the intra-ocular pressure. The curve in Fig. 1 illustrates the effect of an 
accidental touching of the lens by the needle. Associated with the acute rise 
in tension following this type of damage, the pupil constricts, so that any rise 
due to this adventitious cause can be recognized at once by the associated 
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mneiosis. It is particularly important that this source of error be recognized in 
all determinations of intra-ocular pressure in which contralateral effects of some 
agency are being studied. 

Fig. 2 shows the effects of asubconjunctival dose of 0-06 ml. of 1% N-mustard, 
in isotonic saline, on the pressures in the two eyes. Curves I represent the more 
usual result, the effect on the untreated eye being negligible, whilst curves II 
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2 Fig. 1. Fig. 2. 
Fig. 1. Effect of accidental injury to the lens, during insertion of the manometer needle, on the 
intra-ocular pressure. 
Fig. 2. Effect of a subconjunctival injection of N-mustard in the right eye on the intra-ocular 
pressures of both eyes. VA indicates moment of application of V- mustard. Curves I represent 
the more common result. 


show a much less frequent type of response, the pressures in both eyes rising. 
This rise in pressure in the contralateral eye is always associated with a normal 
pupil in contrast to the extreme meiosis in the treated eye. Among twenty-one 
experiments carried out to determine the frequency of occurrence of the 
contralateral effect, a rise of more than 20 cm. H,O was obtained in four cases, 
and a rise of less than 20 but greater than 10 cm. H,O in six cases. The con- 
tralateral effect may be a reflex rise in pressure following on the rise in the 
treated eye, or it may be due to the presence of N-mustard circulating in the 
blood. The latter hypothesis is very unlikely in view of the small amount 
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injected (9-6 mg.); nevertheless, a number of control experiments, in which 
N-mustard was injected subcutaneously, were carried out. These experiments 
are difficult to execute as a subcutaneous injection makes an animal, although 
anaesthetized, very restive. In four animals doses of 0-1 ml. had no effect, and 
in one animal a dose of 0-5 ml., i.e. eight times the dose applied to the eye, 
administered with procaine to reduce the local irritation, was also ineffective, so 
that we may exclude this explanation of the contralateral effect. 


intra- ocular pressure (cm, HO) 
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Fig. 3. Effect of right cervical sympathectomy on the intra-ocular pressure. The right sympathetic 
was cut some 5-10 min. before recording began. 


Fig. 4. Effect of left cervical sympathectomy on the intra-ocular pressure. & indicates 30 sec. period 
of faradic stimulation of the peripheral end of the cut sympathetic. 


Whilst studying the effects of sympathectomy on the responses to N-mustard 
the intra-ocular pressure was frequently found to be high in the eye on the 
sympathectomized side. Fig. 3 illustrates a typical finding, the cervical sympa- 
thetic having been cut some 5-10 min. before insertion of the manometer needle. 
The rise was large, was accompanied by a normal pupil, and subsided within 
some 50 min. after insertion of the needle. That the effect was definitely due 
to section of the cervical sympathetic is shown by the experiment depicted in 

. 4, in which the pressures were recorded for some minutes before section of 
the nerve; the rise occurred rapidly, and was cancelled by stimulation of the 
peripheral end of the nerve. This rise in intra-ocular pressure was by no means 
an invariable consequence of cervical sympathectomy; more frequently, 
section of the nerve produced no effect. Of forty-nine experiments performed 
during this work, a rise of more than 20 cm. H, O occurred in fifteen experiments, 
a rise of less than 10 cm. H: O in eleven experiments and no rise at all in twenty- 
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three experiments. However, in all cases examined, stimulation of the peri- 

pheral end of the nerve produced a fall in intra-ocular pressure; by repeated 

stimulation this low pressure could be maintained apparently indefinitely, so 

that the effects of sympathetic stimulation are not simply due to a decreased 

volume of blood in the eye, since this factor can be compensated within a few 

minutes by the formation of more aqueous humour; presumably the rate of 
formation, or ease of drainage, of fluid is also significantly affected. 


588 
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Fig. 5. Influence of left sympathetic stimulation on the effects of N-mustard applied to the left 
eye. & indicates 30 sec. period of faradic stimulation of the peripheral end of the cut sympa- 
thetic. NM indicates moment of application of N-mustard. 


The effects of N-mustard on the eye are apparently due to a very strong 
dilatation of the small blood vessels; the rise in intra-ocular pressure is associ- 
ated with the rapid exudation of a protein-containing fluid. If the primary 
mode of action of the sympathetic is the constriction of the small vessels of the 
eye, the effects of N-mustard should be, at least partially, cancelled by sympa- 
thetic stimulation. That this is true is shown by Fig. 5, which depicts the effects 
of a subconjunctival injection of N-mustard into one eye, followed by repeated 
stimulation, for periods of 30 séc., of the sympathetic nerve of the same side 
as soon as the pressure rose above 30 cm. H,O; it will be seen that the large 
rise in intra-ocular pressure that usually occurred was annulled during the 
stimulation. 

Effects of carotid occlusion 

The extra-cerebral circulation to the head of the rabbit is apparently func- 
tionally separate on the two sides (vide, for example, Lubsen, 1940), so that 
tying one common carotid should reduce the pressure in the homolateral 
ophthalmic artery only. The effects on the normal intra-ocular pressure of such 
a procedure have been studied by Bäräny (1947 5), who, using a tonometric 
technique, found an average fall of only 3 mm. Hg on the occluded side. In the 
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present work the effects of this procedure on the action of N-mustard were 
studied, in order to confirm the vascular nature of the effects of this drug. Fig. 6 
shows the effect on the normal intra-ocular pressure; the fall is immediate and 
usually greater than 4 cm. H,O (on an average it was 10 cm. H,0, but it de- 
pended in some measure on the initial intra-ocular pressure being greater, the 
greater the latter); release of the clamp caused a rise above normal. The effects 
of this procedure on the action of N-mustard were invariably to reduce the rise 


Intra-ocular pressure (cm. HzO) 


Time (min.) 
Fig. 6. Effect of left carotid occlusion on the intra-ocular pressure. C indicates moment 
of occlusion; & indicates moment of release. 


in intra-ocular pressure that would have occurred in the normal animal; the 
results of eight experiments are shown in Table 1 where, besides the rises in 
intra-ocular pressure, the pressures in the head-end of the occluded carotid are 


Tax I. Influence of carotid occlusion on the effect of N- mustard 


(mm. Hg) (om. H,0) 
35 4 
63 2 
70 0 
76 5 
80 12 
90 25 
92 35 
96 0 


also stated. With the exception of the last experiment, there is a correlation 
between the magnitude of the effect of N-mustard and the height of the 
arterial pressure, when this is greater than 70 mm. Hg. 
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Formation and drainage of aqueous humour 


One may expect that the unilateral fall in the intra-ocular pressure, following 
carotid occlusion, will be reflected in a change in the rate of formation of the 
aqueous humour; there is some evidence (Kinsey & Bäräny, 1949) that the rate 
of penetration of Na from the blood into the aqueous humour is largely 
determined by the rate of renewal of this fluid, so that carotid occlusion may 
well influence this rate. Bäräny (1947 a) reported measurements on six rabbits, 
but on account of the variability in his results, the small difference in rates 
which he found was not significant. The results of eleven experiments carried 
out in this work were more consistent, in all cases the rate being less on the 
occluded side; the average difference was 7% + 1-5 (s. x.) with extremes of 0-7 
and 18-4 %. This result suggests that the rate of formation of aqueous on 
is decreased by carotid occlusion. 

The intravenous injection of 1 g. of p-amino-hippuric acid into a rabbit causes 
a rapid rise in its concentration in the blood, which falls during the course of 
60-90 min. to a negligibly small value. During the period of high concentration 
this substance penetrates into the eye in measurable quantities; at the end of 
60-90 min., however, the concentration in the blood is so low that inward 
diffusion has ceased, the gradient being reversed. During the subsequent hour 
or so the rate of disappearance of p-amino-hippuric acid from the aqueous 
humour, measured by withdrawing the aqueous humour from the separate eyes 
at an interval of 60 min., is far greater than can be accounted for by simple 
diffusion, and is due to the bulk flow of fluid out of the eye through a non- 
selective channel, i.e, a channel opening directly into the blood, with no selective 
membrane separating it from this fluid. The studies of Barany & Kinsey (1949) 
indicate that the amount of p-amino-hippuric acid leaving the eye by diffusion 
is a small factor, owing to the low permeability of the barrier to this substance; 
so that the rate of drainage can be approximately computed from the change 
in the concentration of aqueous humour observed in the fluids withdrawn from 
the two eyes at intervals of say 75 and 135 min. after the intravenous injection, 

In nine control experiments the rate (uncorrected for the effects of simple dif- 
fusion) of flow of fluid was 0-97 ( + 0-15) % of the total volume per min., whilst 
in the same number of animals with one carotid tied immediately after with- 
drawal of the contralateral aqueous humour, the rate was 0-99 (4 0-1) % min. 
The variability was such that only an observed difference of greater than 
30% in the average drainage rates would have been significant. Since both 
eyes of the same animal are required to assess the rate of drainage, it is not 
possible to compute quantitatively, in the same animal, the rates in a normal 
eye and in the opposite eye with the carotid occluded; however, evidence for 
a difference in rate of drainage can be provided by the simultaneous concentra- 
tions of p-amino-hippuric acid in the two eyes some 2 hr. after the intravenous 
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injection, since at this time the concentration will be mainly determined by the 
rates of drainage during the previous hour. Consequently, in five rabbits, the 
right carotid was occluded 75 min. after the injection, and, 60 min. later, both 
fluids were withdrawn. In a further, control, group of five animals the same 
procedure was carried out, but the carotid artery, although isolated, was not 
tied. The results are shown in Table 2. It will be seen that the concentration 
of p-amino-hippuric acid was, on the average, 7% lower in the eye with carotid 
ligatured; but as the standard error was rather greater than this figure, and 
since, moreover, the difference between control eyes was of the same order, the 
result cannot be considered significant. We must conclude, therefore, that the 
clearance of p-amino-hippuric acid from the aqueous humour is not a sufficiently 
refined test for the present purpose. * 


TaxLx 2. Effect of carotid occlusion on clearance of p- amino -hippurio acid from aqueous humour 
aqueous humour (mg. ml.) 
Mean difference 
(algebraic) 
Left eye Right eye (right eye - left eye) 


Controls 40 46 +9%+9 (8. x.) 
(mean of five experiments) 

Right carotid tied 40 3-4 -7%+9 (8. 
(mean of five experiments) 


Because in this work the intra-ocular pressure was measured in two eyes 
simultaneously, it is only of secondary interest to determine the effects of 
sympathetic stimulation on the general blood pressure, since any influence of 
this factor should affect both eyes equally; nevertheless, because of the func- 
tional separation of the circulation in the two halves of the head in the rabbit, 
it is of interest to determine what local changes in the pressure in the ophthal- 
mic artery of the stimulated side are likely to take place. To this end, a technique 
employed by Hiirthle in 1889 was used, a cannula beinginserted into the clamped 
carotid pointing distally to the clamp; the pressure so recorded was low, as we 
should expect, since it depended on anastomoses with the vertebral circulation. 
Stimulation of the sympathetic of the same side caused a rapid rise in blood 
pressure of about 30 mm. Hg, the rise being sustained for as long as the 
stimulation; stimulation of both the sympathetic and depressor caused a 
marked rise which, however, subsided as the depressor effect became manifest. 
No significant effect of stimulating the contralateral sympathetic was observed. 
These results confirm the generally accepted view that stimulation of the 
sympathetic reduces blood flow in the head generally; they cannot be taken to 
indicate that, under normal conditions of blood flow, the pressure in the 
external carotid rises to any great extent; but one can conclude that the fall 
in intra-ocular pressure following stimulation of the cervical sympathetic is 
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not due to a fall in pressure of the blood supply to the eye, any influence of 
sympathetic stimulation on the extra-ocular arterial pressure being such as to 
raise this, the decreased blood flow in the extra-cranial (and probably the cranial 
vessels too (Lubsen, 1940)) ensuring a greater than normal pressure-head at the 
branching of the ophthalmic artery from the external carotid. In the introduc- 
tion it was mentioned that Yata found a fall in the general blood pressure on 
stimulation of the peripheral end of the cut sympathetic of the rabbit. In this 
animal we find, in agreement with Lubsen (1940), among others, that stimulation 
of the peripheral end of the cervical sympathetic is without significant effect 
on the general blood pressure; it would seem that Yata had included depressor 
fibres in his preparation. In cats this is apparently unavoidable in the left 
sympathetic (Koopmans, 1938); in the rabbit the depressor nerve frequently 
runs with the sympathetic trunk, but can always be separated by following the 
latter up to the superior cervical ganglion. In the majority of the experiments 
recorded here this precaution was not adopted since the pressures in both eyes 
were measured simultaneously, so that any effect due to a general lowering of 
the blood pressure would be reflected in a fall in the intra-ocular pressure on 
the unstimulated side. Such an effect was indeed sometimes observed, although 
the fall in intra-ocular pressure was insignificant compared with that in the 
stimulated side, being rarely more than 2-5 cm. H,O. In the experiments 
actually shown here, Figs. 4 and 5, and a number of others, the sympathetic 
was carefully separated from the depressor, and its freedom from this nerve 
proved by observing the effect of stimulation on the pressure in the femoral 
artery at the end of the experiment. 


DISCUSSION 


The results of sympathectomy indicate that the intra-ocular pressure is normally 
held in check by this division of the autonomic system; whether there are two 
antagonistic nervous mechanisms, the one acting to raise the intra-ocular 
pressure and the other lowering it, has not been settled by these experiments, 
although the immediate deduction from the large rise in pressure which 
frequently follows sympathectomy would be that, under these conditions, the 
intra-ocular pressure is under the unopposed influence of a pressure-raising 
mechanism. We are not inclined to make this inference, however, without 
further proof, since neither atropine nor eserine has any significant influence on 
the intra-ocular pressure, a finding that would appear to exclude the para- 
sympathetic from this function. We may note, however, that Schmerl & Stein- 
berg (1949) found a small increase in intra-ocular pressure on stimulating the 
ciliary ganglion. 

Because of the well-known action of the sympathetic in causing a constriction 
of the arterioles, it may well be asked whether the effect of sympathetic 
stimulation on the intra-ocular pressure can be accounted for by the reduced 
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volume of blood, combined with reduced capillary and venous pressures, in 
the eye. The reduced volume of blood per se would lower the intra-ocular 
pressure merely by decreasing the volume of the intra-ocular contents, but in 
the absence of any other influence this should be compensated by the formation 
of new fluid; since it is possible, by repeated stimulation, to maintain the intra- 
ocular pressure at a low level for long periods, we must conclude that, not only 
is the volume of the intra-ocular contents reduced, but also that the rate of 
formation of the aqueous humour, or the resistance to drainage, is decreased. 
Both these possibilities are reasonable; a decreased capillary pressure would 
decrease the rate of filtration from the capillaries and so decrease the amount 
of fluid available for formation of aqueous humour; moreover, in man at least, 
it would seem that the resistance to outflow of aqueous humour is determined 
by the height of the venous pressure; consequently the reduced venous pressure 
following arteriolar constriction may tend to lower the intra-ocular pressure. 
Thus it is highly probable that the sympathetic controls the intra-ocular 
pressure by way of vascular reflexes. Experimental support for this is given by 
the effects of carotid occlusion; here the capillary pressure is most probably 
reduced for as long as occlusion is maintained, and the intra-ocular pressure 
falls, apparently permanently; it is interesting, moreover, that the rate of 
penetration of Na, which must be influenced, if not determined, by the rate 
of flow of the aqueous humour, is reduced by this procedure. The effects of 
N-mustard can be described as an acute inflammatory oedema; the capillaries 
of the iris are strongly dilated and a protein-containing filtrate exudes into the 
anterior chamber. In order that such a capillary dilatation may cause the high 
intra-ocular pressure observed, the arterioles must be strongly dilated too, the 
combined effect of capillary and arteriolar dilatation being to cause an exuda- 
tion into the eye so rapid that the outflow mechanism is overloaded and the 
pressure rises. Stimulation of the sympathetic, by constricting the arterioles, 
may be expected to check the exudation and keep the intra-ocular pressure 
within normal limits; as we have seen, this is indeed the case, so that once again 
a purely vascular interpretation of the results of sympathetic stimulation is 
possible. The contralateral effect of N-mustard, occasionally observed, is 
presumably the reflex response of the irritative effects of this substance; 
whether or not the homolateral response is also reflex in origin has not been 
definitely proved, but it is interesting that the homolateral effect may be de- 
layed and diminished by a retrobulbar injection of procaine (Davson & Huber, 
19505). 

In conclusion, the bearing of these results on the pathology of the human eye 
may be briefly indicated; the effects of N-mustard have their analogue in the 
condition of hypertensive iritis with the difference that in the human the signs 
may persist for a long time. The rise in intra-ocular pressure following sym- 
pathectomy has much in common with the hypertension of chronic glaucoma; 
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there is no obvious inflammatory reaction and the pupil remains dilated. A 
central nervous origin has frequently been assigned to this type of hypertension, 
and it is therefore of great interest that the mere section of a nerve may induce 
an increase in tension comparable with that found in this disease. 


SUMMARY 


1. Injury to the lens or iris causes a rapid rise in intra-ocular pressure 
associated with a constriction of the pupil. 


2. Subconjunctival injection of N-mustard raises the intra-ocular pressure 


to very high levels, of the order of 80 cm. H,O; the effect is not always confined 
to the treated eye. 


3. Section of the cervical sympathetic is sometimes followed by a large rise 
in intra-ocular pressure (10-40 cm. H,O) which subsides within 30-60 min. 
Stimulation of the peripheral end of the cut nerve always causes a fall in intra- 
ocular pressure. 

4. The effects of N-mustard may be prevented by either sympathetic 
stimulation or occlusion of the carotid on the same side as the treated eye. 

5. In the normal eyes unilateral carotid occlusion causes an immediate fall 
in intra-ocular pressure (average 7-5 mm. Hg); there is a significant fall in the 
rate of penetration of Na into the aqueous humour of the occluded side. 

6. It is concluded that the effects of both sympathectomy and N-mustard 
on the intra-ocular pressure are predominantly mediated by vascular changes. 


We would like to express our indebtedness to Mr David Maurice of this Institute for carrying 
out the determinations of radioactive sodium described here. 
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CHANGING OSMOTIC PROPERTIES OF FOETAL SHEEP 
ERYTHROCYTES AND THEIR COMPARISON WITH 
THOSE OF MATERNAL SHEEP ERYTHROCYTES 


By W. F. WIDDAS 
From the Department of Physiology, St Mary’s Hospital Medical School, London 
(Received 2 June 1950) : 


The haemolysis of red cells in hypotonic solutions has been extensively studied 
during the last three decades and many different rates of haemolysis due to 
species differences have been described (Jacobs, 1932; Jacobs, Glassman & 
Parpart, 1938). These and many other studies have added greatly to the volume 
of detailed information available. 

Simple experiments demonstrate a remarkable difference in the rate of 
haemolysis of foetal and maternal sheep red cells when placed in hypotonic 
saline or distilled water. Species differences in the sense reported hitherto could 
hardly account for the slow rate of haemolysis of foetal blood as compared with 
maternal blood in the sheep, and it was therefore decided to investigate this 
problem as one which might yield additional information on the behaviour of 
red cells in general, or at least demonstrate some developmental change in red 


cell properties. 
METHOD 


A photo-electric method was used to measure the rate of haemolysis. The apparatus consists 
essentially of two colorimeter glass cells surrounded by a thermostatically controlled water jacket 
made of Perspex. Light from a 6 V. bulb and condenser is passed through both vessels and falls 
on a divided barrier-layer photo-cell. The outputs from the two sides of the photo-cell are backed 
against each other across a potentiometer, the unbalance current being-fed into a galvanometer 
amplifier, the output of which operates a recording milliammeter (3-0-3 mA. range). 

One glass vessel (the standard) contains haemolysed cells, the other contains the mixture of test 
saline and red cells whose rate of haemolysis is being followed. The apparatus is adjusted so that 
when haemolysis is complete the milliammeter shows zero current. At the commencement of a test 
(before the cells are injected into the saline) the standard is more opaque and a negative current 
reading obtained; when the injection of cells is made the galvanometer swings over to a large 
positive value and then starts to fall off towards zero as haemolysis proceeds. 

The initial swing is too rapid for the galvanometer to follow faithfully but serves to mark the 
time of injection. The overswing is completed within 2 sec., after which time the change in opacity 
is accurately followed. Two typical traces are shown in Fig. 1 (a) and (5); the large overswing in the 
case of maternal cells is due to the extensive haemolysis which occurs even in the 2 sec. period taken 
for the galvanometer to settle down. . 8 
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In the case of incomplete haemolysis, it is necessary to allow the apparatus to run for 15-20 min. 
to determine the final stable degree of opacity. To economize in recording trace, an automatic 
switch is introduced to cause the paper drive to operate for only 5 sec./min. Such a stepwise trace is 
shown in Fig. 1 (e). . 

The amount of blood to be used in the tests is determined by matching against a red filter; a 
working dilution is then made in 1% NaCl (buffered to pH 7-4), such that each test injection of 
0-5 ml. contains this amount. The matching is merely to ensure that a reasonable deflexion of the 
galvanometer is obtained in the test runs. 3 
Tue test solutions are made up so that when 0-5 ml. of cell suspension are added to 5 ml. of test 
solution the resulting concentrations are 0-090, 0-200, 0-300, 0-400, 0-450, 0-500, 0-525, 0-550, 0-575, 
0-600 and 0-625 % saline. 


(0) 


be) 


— 48 sec 16 min. 


Fig. 1. (a) Tracing from foetal erythrocytes in 0-3% NaCl, 37° C. (6) Maternal sheep cells, 
03% NaCl, 37° C. (e) Foetal cells, 0-525% NaCl, 37° C., showing incomplete haemolysis. 


The average dilution of whole blood is 1 part in 25 of the injection. It is thus only 1 part in 275 
of the final solution, and the contribution of the cells themselves will be less than 1 in 500. Change 
in concentration as haemolysis occurs is thus negligible. 

The specimens of foetal blood were taken from the umbilical artery and immediately transferred 
to heparinized and buffered 1% NaCl in rubber covered vaccine bottles. The cells were not centri- 
fuged. Specimens of maternal blood were taken from a cannula in the dorsalis pedis artery. The 
testing was commenced immediately and continued for the following 6-8 hr. 

The test solutions and working stock of blood dilutions were all maintained in a thermostatically 


controlled water bath; the blood dilutions, in vaccine bottles, being supported slowly rotating 
rollers to obviate sedimentation. om . : 


(a) 
— 
40 sec. 20 sec. _, 
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Analysis of results 
Jacobs (1926) using the relation 


ap 4 0-0 (1) 


VxC=V,xC,, (2) 


# 
since only water enters the cell. (V is volume of cell; k is a permeability constant; A, the area 
across which diffusion occurs; C, the concentration inside the cell at time t; V, and C, are the volume 
and concentration inside at zero time; O the concentration of the outside solution.) 
A convenient form of the solution of the differential equation obtained by combining (1) and 
(2) is 


together with the assumption that 


® 
=f(C’, C). 


Since C, is constant throughout, the function on the R. n. s. of equation (3) depends only on the 
outside concentration and the inside concentration at time t. If the symbol t is used to represent. 
the time required for haemolysis of a particular type of cell and C, is used to represent the con- 
centration inside the cell when haemolysis takes place, then equation (3) can be rewritten aa 


=(C',,) (4) 


from which it can be seen that the plot of tz in sec. against the calculated values of f (O-, CM should 
give a straight line passing through the origin and having a slope of kA/V,. 


60 sec. 


Fig. 2. Series of tracings (superimposed) from foetal erythrocytes 
in different outside concentrations (see text). 


Values of the function for the outside concentrations used and for cells having haemolytic 
concentrations 0-525, 0-550, 0-575 and 0-625 % have been calculated and are given in Table 1. 


Tax I. Values of (C., C) against which times of haemolysis are plotted 


Outside conc. 
g. % =0°525% Cr =0-550% =0-575% 
0-09 1-52 1-32 1-17 0-89 
0-20 1-89 1-63 1-42 1-07 
0-30 2-44 2-07 1-76 1-30 
0-40 3-52 2-88 2-40 1-69 
0-45 4-65 3-65 2-94 2-00 


26—2 


N 0-625 
0-550 
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Typical experimental traces (superimposed for ease of illustration) are given in Fig. 2. The traces 
of incomplete haemolysis show the opacity remaining when cells of haemolytic concentrations 
0-625, 0-575, 0-550 and 0-525 % just fail to haemolyse. These opacity levels, which fall on the steep 
part of the experimental curves, are used to measure the times of haemolysis of the respective types 
of cells when the outside concentration is 0-09, 0-20, 0-30, 0-40 and 04 9). 

The experiments have been carried out as a routine at 37 and 27° C., and the opacities appro- 
priate to the critical concentrations determined at each temperature. This is essential, since fewer 
cells are stable at the lower temperature. This phenomenom, first reported by Jarisch (1921), has 
been attributed by Jacobs & Parpart (1931) to a volume effect due to a change in the base com- 
bining power of haemoglobin. 

RESULTS 

General osmotic behaviour of foetal cells 

(i) 50-120 days. The results obtained by analysing the times of haemolysis 
for erythrocytes of sheep foetuses from 50 to 120 days conform to the theoretical 
relationship up to values of t of 30 sec. and outside concentration 0-450 % NaCl. 
A typical result is shown in Fig. 3. A remarkable feature of these results is that 
the plot of the points for the four different populations of cells (whose Vhaem. / 
ratios vary from 1-6 to 1-9) fall on the same straight line within experimental 
error. 
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Fig. 3. Foetus, 86 days foetal age. 37° C. Times of haemolysis plotted against f(O’, C/) for cells 
of haemolytic concentration 0-525, 0-550, 0-575 and 0-625% NaCl. Slope kA/V,=0-14. 
Dotted lines indicate +5%. 0-525% =O, 0:550% = x, 0.575 % = O. 0-625 °%= x. 


This fact has been used to determine the best value for the slopes of the line 


by averaging the ordinate and abscissa values of all twenty results (from four 


types of cells at five different concentrations), and drawing the line through the 
origin and the point of greatest density. The broken lines at either side are 
+5%. The slopes from different bloods lie in the range from 0-105 to 0-195 and 
this aspect is considered more fully below. The linear relationship is maintained 
at the lower temperature to over 40 sec. but only to the same concentration 
0-450%. 
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(ii) 120 days to term. The determination of slopes for cells from foetuses of 
120-145 days is not so satisfactory in that the stable values are difficult to 
define. Of nine experiments, four gave results in which the slopes of all four 
! of cells were reasonably co-linear and in the range of 0-18-0-195. Two 
others (in which the blood was drawn at the end of an unrelated experiment) 
gave values of 0-205 and 0-22 respectively. The remaining three experiments 
gave values in which the points for the four types of cells did not fall on straight 
lines through the origin. The approximate lines varied in a manner similar to 
that which makes adult cells unsatisfactory. In this range of ages the deter- 


minations at 27° C. were unsatisfactory for similar reasons even in cases which 


were well defined at 37° C. 


Fig. 4. Maternal sheep cells 37° C. Times of haemolysis plotted against (C, C/ for cells 
of haemolytic concentrations of 0-55 and 0-575% NaCl. 0-550%= x, 0:575%= ©. 


Osmotic properties of maternal cells 

The results for foetal cells contrast sharply with the results obtained with 
maternal sheep erythrocytes. A large percentage of maternal cells haemolyse 
before the apparatus has recovered from its initial overswing, but it is, never- 
theless, possible to follow cells whose critical concentrations are 0-550 and 
0-575°% NaCl, although the stable values are not well defined. The times for 
haemolysis of these cells which have been plotted against the appropriate 
values of f(C’, C.) in Fig. 4 do not form a straight line, although the first three 
points suggest reasonable linearity. There is also a considerable difference in 
slope between these two types of cells whose H/ ratios are only 1-82 and 1-74 
respectively. It will be noted that the apparently higher 4A/V, value is 
associated with the cells of lower H / V ratio. 
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Variation of A / V, for foetal cells with foetal age a 

The results of experiments on the erythrocytes of eleven foetuses varying in 
age from 50 to 120 days and in weight from 16 g. to 1:5 kg. are given in Fig. 5. 
The kA/V, values have been obtained in each case by the graphic method 
described above and plotted against foetal age. The foetal age was calculated 
from the date of ‘tupping’ where known, and where this was in doubt, the age 
was estimated from weight and length measurements (Huggett, unpublished 
data). The correlation coefficient of increase in kA/V, with age is 0-93 (signifi- 
cance P<1/1,000). A similar correlation is obtained with log kA/V, and log 
foetal weight (r =0-92). 


50 60 70 8 70 100 110 120 130 | 
Foetal age (days) 


Fig. 5. Variation of kA/V, values of foetal cells with foetal age. 
O values at 37°C. x values at 27° C. 


Percentage haemolysis of stable values 


The calibration of the apparatus in terms of percentage haemolysis was 
carried out by removing portions of the suspension in 1% saline and replacing 
by equivalent volumes of saline containing fully haemolysed cells. 

The results of six cases where no further adjustment to the apparatus was 
needed during the haemolysis tests are given in Fig. 6. The percentage of cells 
stable at concentrations of 0-625, 0-575 and 0-525 % are shown for bloods whose 
kA/V, values vary from 0-110 to 0-195. The higher A/V values are associated 
with a larger proportion of cells stable at 0-625 ° but the number of stable cells 
at 0-525 % shows little significant change. : 


Apparent energy of activation of diffusion process 

Since diffusion and viscosity are rate processes (Glasstone, Laidler & Eyring, . 
1941), and the cell membrane may be accepted as offering a potential energy 
barrier to diffusion, as postulated by Danielli (1941), it appears justifiable to 
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use the values of kA/V, at 37° and 27°C. for the purpose of calculating the 
experimental activation energy. The mean value obtained is E=7-6+1-6 
kg. cal./mol. and the line in Fig. Te has been drawn 
on this basis. J 


i L 
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Fig. 6. Change in percentage of cells surviving in haemolytic concentrations 0-525, 
0-575 and 0-625 % NaCl as A/V, values increase. 


Theoretical consideration of effect of co-existence of cells 5 kA|V, 
The results for foetal cells show that A/V, values for cells having haemolytic 

concentrations 0-525-0-625°% ure equal in a given blood but vary from one 
blood to another. It is important to consider the consequence of cells of 
different k.A/V, being present in the same blood. This can most readily be seen 
from consideration of Fig. 7. The f(C’, C/) is the ordinate as usual and hori 
zontal lines have been drawn indicating the ordinate appropriate to the cells 
haemolysing at 0-525, 0-550 mai 0-575% when the outside concentration is 
0-90°% NaCl. 

The time for any of these cells to haemolyse depends upon the appropriate 
kA[V, slope. Thus, in a mixture of cells of slopes (a) and (b) the order of 
haemolysis would be different from a mixture (b) and (o), as indicated in Table 2. 

It is seen that where cells of different kA/V, coexist in the same blood one 
cannot argue that a certain degree of opacity is due to the cells which would 
just maintain stability at the critical haemolytic concentrations. By considering 
the position at other outside concentrations in the same way it can readily be 
shown that there will be a very considerable interchange of order of haemolysis 
due to the interaction of the two variables—haemolytic concentrations and 
4 slopes. 

It is indeed clear that a good fit to the theoretical line can only be expected 
if the variation in slopes for any haemolytic concentration is small and for a 
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given small variation in slopes the best fits will be obtained when the angle 
which the line makes to the time axis is acute. 


These considerations give an interpretation to the general character of the 
results obtained with foetal and maternal cells which are summarized in Table 3. 


0 10 20 


Fig. 7. Effect upon order of haemolysis if cells of different kA/V, values 
co-existed in the same blood (see text). 


TasLE 2. Order of haemolysis of mixtures of cells of different kA/V, slope shown in Fig. 7 


Mixture Mixture = Order of critical 
(a) and (b) (6) and (e) concentrations 
05756 88805 0-550 
05256 868286 0-525 


Tann 3. Different character of results of osmotic haemolysis of foetal and maternal sheep cells 


Foetal cells (50-120 days) Maternal cells 
1. Very small variation in EA / V, values of cells Considerable apparent variation in kA/V, 
| values of cells 
2. Lines more acute to time axis, i.e. K A/ Y, All kA/V,, lines steeper to time axis 
3. Good fit to theoretical equation Poor fit to theoretical equation 
DISCUSSION 


Variation of A / V, value for foetal cells with foetal age | 

The cause of the variation of kA/V, for foetal cells as the age of the foetus 
increases might, at first sight, be considered to be due to the changing red cell 
population. It is known, for instance, that in early foetal life the erythrocytes 
are chiefly produced in the liver, whereas later, the normal adult centres (the 
bone marrow) assume greater importance. Alternatively, the average age of the 
individual red cells might be considered to have a bearing, although perhaps 
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with less justification, since, due to rapid growth and increase in blood volume, 
there must always be a large proportion of relatively young cells. 

Both these possibilities, however, would meet with a serious difficulty in 
explaining the experimental facts. That is because in both cases cells of dif- 
ferent kA/V, values would be in the circulation at one and the same time, and 
this is made improbable by the good fit to the theoretical equation and by the 
co-linearity of the points for cells whose haemolytic concentrations vary from 
0-525 to 0-625 %. 

The results can only be reconciled with the view that as the foetal age 
increases the kA/V, values of the cells as a whole (young and old alike) are 
changed by some intravascular process. 

Although this view is forced upon one, it immediately prompts the question 
as to how such a change can be brought about in such a way that the kA/V, 
values all change in step and the population as a whole is kept uniform in so 
far as this value is concerned. 

The relation of V/ and kA/V,. The ratio /H. where E is the volume at 
which haemolysis occurs, is obtained from the haemolytic concentration by 
applying equation (2). Since all cells are initially equilibrated in 1% buffered 
saline, the V,/V, ratios for the cells of haemolytic concentrations 0-525-0-626 % 
lie in the range 1-6-1-9. The values of H and V, cannot necessarily be identified 
with cell volumes as estimated by the usual means, since not all the cell volume 
is osmotically effective. The point is fully reviewed by Ponder (1948), who 
considers that only 70-90 % of the cell volume is osmotically effective. 

The red cell being a biconcave disk can effect a considerable increase in 
volume without change in surface by assuming the spherical form, and the 
general view has been that very little swelling beyond the spherical form (which 
must be accompanied by surface expansion) can occur before haemolysis takes 
place. On this view, different V,,/V, ratios which are found in all bloods are due 
to variations in the surface/volume ratio in the initial state. This is equivalent 
to postulating that all N values are reasonably constant. If this were so, then 
in the range of foetal cells examined, the initial V, values must vary by 13-17 %, 
and it would be expected that this would be reflected in the values of A / V. 
As already seen, however, these values are the same in foetal blood to within 
+5% and any effect in this direction must be smaller than would be necessary 
to account for the full range of H /I, ratios found. 

Microscopical examination also demonstrates the presence of some larger 
cells among those stable at any critical concentration, and the initial surface/ 
volume ratio cannot be instrumental in determining the variety of different 
sizes and shapes reached before haemolysis occurs. Ponder (1948) has described 
haemolysis occurring in some cases before the sphere of equal surface is attained. 

In the case of maternal cells, where different kA/V, values are associated 
with different Vj /I ratios, the change is the reverse to what might be expected, 
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since if the lower I/ value is associated with a greater initial volume, then 


one would expect to find A/V, smaller but, in fact, one finds the opposite. 


At 37° C. no maternal cells are stable in 0-500 % NaCl and at 27° C. no cells are 
stable in 0· 525 % NaCl. Some foetal cells are stable in 0-500% NaCl at both 
temperatures although the number stable at the lower temperature is somewhat 
reduced. 

Variation in V, for whole population of cells. Although as considered above, 
a variation in the initial volume of the cells does not satisfactorily account for 
the range in haemolytic concentrations and V,/V, ratios, a change in J for the 
whole population of cells would have an effect upon the kA/V, ratios as 
between one blood and another. If the range of haemolytic volumes show 
little change, then the proportion of cells stable at any given / I ratio would 
also change with change in J. 

Variations of V, for the whole population of cells are not only possible but 
likely to occur for small changes of internal pH, of temperature or degree of 
oxygenation at the time the specimens were taken into the buffered saline. 
Such volume changes have been treated theoretically by Jacobs & Stewart 

1947). 
A decrease in V, (relative to the initial V, and without surface change) would 


produce an increase in the kA/V, ratio and also an increased stability at a given 


critical concentration. This is qualitatively the same direction as the change 
shown in Fig. 6, but quantitatively the change which would account for the 
greater stability of even the 0-625 % cells would only represent a 10% change 
in J and A/V. 

Progressive changes in cell constituents. Karvonen (1949) has shown that 
foetal sheep haemoglobin is much less soluble than that of adult sheep haemo- 
globin. The adult type first appears in foetuses of about 100 days and thereafter 
its proportion rapidly increases. It is difficult to see that this difference in 
solubility can be instrumental in causing the different rates of haemolysis 
unless the interior of the cell is in the state of a gel. Nor can it be seen how a 
progressive change with age affecting all the cells could be accounted for on 
such grounds. 

Change in cell membrane as a factor. Although one cannot completely rule 
out an effect due to changes in the body of the cells, there are several considera- 
tions which point to the results being due to membrane changes. First, Jacobs’s 
treatment of the diffusion process is based on the rate-determining step being 
penetration of the membrane, and the results for foetal cells give a good fit to 
this theory. Secondly, the changes which occur in the kA/V, value with age 
must affect all cells alike whether recently released to the circulation or of older 
origin. The possible change in initial volumes due to internal pH or other effects 


could only account for a 10% change in kA/V,, leaving the major change to be 
accounted for by some other mechanism. 
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Viewing the results from the concept of a membrane change, it is necessary 


to consider further the interpretation to be placed on & and A in the ratio 


kA|V,. The rate-determining step for the penetration of water as postulated by 
Danielli is that from the water phase to the lipid membrane; this process may 
be considered to be akin to evaporation, since the mutual association of water 
molecules by hydrogen bonds must be broken down. There is some confirmation 
for this view in the value of the apparent experimental activation energy, 
although assessment of the true free energy of activation would require, in 


addition, knowledge of the entropy change. 


That monolayers can retard evaporation was described by Rideal (1925) and 
more recently Sebba & Briscoe (1940) have shown that quantitatively the 
effect depends upon the surface pressure. If a similar property could be ascribed 
to the bimolecular lipid layer of the cell membrane, a physical interpretation 
of the change of kA/V, with age would be a progressive change in surface 
pressure of the cell membranes. 

The constant value of kA/V, for cells in a given blood might thus be sug- 
gestive of a surface pressure equilibrium among all the cells of the circulation. 
Although there is no direct experimental evidence for this speculative possibility, 
it appears to be a line which merits further study. Regarding the cell membrane 
as having pressure-area relationships similar to those of mixed lipid mono- 
layers, expansion or change of shape of the surface would normally occur by 
the system descending the Force-Area curve until a zone of heterogeneity was 
reached, when a continuous water channel connecting inside and out would 
start haemolysis. With partial rigidity of the membrane imposed by lipo- 
protein complexes, the underlying stromatin or other causes, local zones of 
heterogeneity might develop at an earlier stage in the surface change. On this 
view, the distribution of cells in various V,/V, ratios would be a statistical 
probability of cells surviving a given degree of expansion and surface rearrange- 
fnent rather than postulating that they start with different surface-volume 
ratios. 

Cells, such as maternal cells with a high kA/V, value, are indicative of lower 
surface pressure. They may be considered to start farther down the Force-Area 
curve and thus would not be able to complete the full range of expansions 
shown by, foetal cells; also the approach to the flatter part of the Force-Area 
curve would tend to make the definition of the stable values unsatisfactory and 
so produce a bad fit to the equation. 

In this respect it is interesting to consider the effect of temperature. It is 
a property of liquid expanded films (Adam, 1941) that at lower temperatures 
they reach the zone of heterogeneity at smaller areas per molecule. This would 
cause the system to reach the flatter part of the Force-Area curve earlier at a 
low temperature than at a higher temperature. If an unsatisfactory fit to the 
equation can be attributed to reaching this zone it would explain why the older 
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foetal cells are unsatisfactory at 27° C., although six cases out of nine give 
a reasonable fit to the equation at 37° C. Any intracellular haemolysin released 
during partial haemolysis would also distort the stable values and produce a bad 
fit to the equation, but such a cause would be expected to operate also at 37° C. 


SUMMARY 


1. A study of the different rates of haemolysis of erythrocytes of foetal and 
maternal sheep has been made using a photoelectric method. The results have 
been analysed by the use of relationships advanced by Jacobs (1926) and a 
measure of the permeability constant for water obtained. i 

2. The results for foetal cells show that there is a progressive change in this 
permeability factor (kA/V,) with foetal age. The value is approximately 
doubled between the 50th and 120th day of pregnancy and the change gives an 
approximate regression line 

kA|V, =0-04 +0-0012d 
where d is the foetal age in days. 

3. The results also show that, in a given foetal blood, cells of different 
haemolytic concentrations (having V,/V, ratios from 1-6 to 1-9) have the same 
kA|V, value within experimental error. From this and other theoretical con- 
siderations it appears that foetal blood cannot contain cells of very different 
permeability properties at one and the same time, and the progressive change 
with foetal age is therefore attributed to an intravascular change in the per- 
meability properties of the cells. 

4. Some of the implications of this change in permeability are discussed in 
terms of a membrane effect but there is no direct evidence how the change is 
brought about. 
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ANTIDIURETIC SUBSTANCE IN HUMAN URINE 
. AFTER SMOKING 


By N. B. G. TAYLOR anv J. M. WALKER 
From the Department of Pharmacology, University of Oxford 
(Received 26 June 1950) | 


Burn, Truelove & Burn (1945) showed that cigarette-smoking, or the injection 
of nicotine, inhibits water diuresis in man, probably by causing an output of 
antidiuretic hormone from the posterior lobe of the pituitary. If this is the 
correct explanation of the action of nicotine, it should be possible to show the 
presence of the antidiuretic hormone in the urine after smoking, and estimate 
the amount present. 

METHODS 


Collection of urine. Fourteen experiments were done on three normal male subjects, who were 
non-smokers. The subject followed a routine similar to that described by Walker (1949). After 
emptying his bladder, he drank a litre of water and then collected and measured his urine every 
15 min. When he had collected between 200 and 400 ml. he smoked and inhaled one cigarette in 
about 10 min., but was careful not to inhale so vigorously that he experienced severe side-effects. 
He then collected his urine every 15 min. until the inhibition of diuresis caused by the smoking 
had passed off. The total amounts of urine passed before smoking varied in different experiments 
from 191 to 499 ml.; amounts passed after smoking varied from 427 to 689 ml. The latter amounts 
are greater because they include the large specimen passed immediately after smoking, i.e. while 
the diuresis was still at its height. The duration of the inhibition of diuresis varied from 60 to 140 min. 

Treatment of urine. The problem was to concentrate the urine to a- small volume of extract 
suitable for injection into rats, which would retain a high proportion of any antidiuretic hormone 
which might be present. Because of the conflicting results obtained by various workers who used 
dialysis (see Walker, 1939) we followed the method of Noble, Rinderknecht & Williams (1939) 
which is described below. The urine was adjusted to pH 5-0 with hydrochloric acid or sodium 
hydroxide. To each 100 ml. of urine was added 1-125 ml. of 2 N. potassium ferrocyanide. While the 
urine was stirred vigorously 1-0 ml. of 2x. zinc sulphate was added, a drop at a time. A dense, 
opalescent precipitate of zinc ferrocyanide formed. The mixture was cooled and then centrifuged 
until the precipitate was packed and the supernatant could be decanted. The supernatant was 
discarded and the precipitate suspended in 25 ml. of 1% ammonia in 80% ethanol. The suspension 
was centrifuged until the precipitate was packed; this time the supernatant was decanted and 
retained. The suspension of the precipitate in ammonia-alcohol solution was repeated twice more. 

The alcoholic supernatants were added together and concentrated to dryness in vacuo at low 
temperature (bath temperature not over 55° C.). The dry material remaining was suspended in a 
small amount of distilled water and further purified by the addition of 10 vol. of absolute ethanol. 
A curdy precipitate of impurities formed. The mixture was centrifuged and the supernatant 
concentrated in vacuo at low temperature to 1% of the original urine volume. 
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The extracts were kept in the refrigerator and later tested on rats by the method of Burn (1937). 

The end point of the test (100% excretion) was taken as the time, after the diuresis, when three 
successive 15 min. readings differed by less than 1-5 ml. The time at which 50% of the urine was 
excreted (50% time) was taken as a measure of the degree of antidiuresis. The 50% time corre- 
sponds roughly to the time of maximum urine flow, and for an uninhibited water diuresis is from 
60 to 90 min. 


RESULTS 
Qualitative tests. In three preliminary tests it was found that extracts of urine 
passed after smoking had a marked antidiuretic action, whereas extracts of 
urine passed before smoking had none. The result of one of these tests is shown 


in Fig. I. 
20F 
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Fig. 1. Diagram showing the antidiuretic effect in rats of extracts of urine passed after smoking. 
Ordinates: total volume of urine in ml. excreted by each group of rats. Abscissae: time in 
minutes after giving the water. @———@ , rats injected with post-smoke’ extract. O.. . . O,. 
rats injected with an equal quantity of pre-smoke extract. @- , rats injected with 
saline (control). Note the marked delay in diuresis given by injection of ‘ post-smoke’ extract. 


In order to see whether the activity was due to posterior pituitary hormone, 
the extract was treated by adding an equal amount of 2n-NaOH and allowing 
to stand for 1 hr. at room temperature. (This is the test for the identification of 
posterior pituitary hormone given by The British Pharmacopoeia in 1948.) This 
treatment completely abolished the activity, as is shown in Fig. 2. 

The possibility that the antidiuretic substance present in extracts of urine 
was nicotine itself had to be considered. A consideration of the quantity 
involved made it unlikely. Various workers have estimated the amount of 
nicotine absorbed when the smoke of one cigarette is inhaled, and figures given 
range from 0-4 mg. or less (Ling & Wynn Parry, 1949) to 8 mg. (Asherson, 1919). 
Assuming for the sake of argument that the high figure of 8 mg. given by the 
latter author is correct, and assuming further that 12% of the absorbed nicotine 
is excreted in the subject’s urine after smoking (Corcoran, Helmer & Page, 
1939), then the amount of nicotine in about 500 ml. urine would be 0-96 mg., 
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or about 0-2 mg. in 1 ml. of our extract. Burn et al. (1945) found that the 
smallest dose of nicotine that would produce antidiuresis in the rat was 
0:5 mg. nicotine acid tartrate per 100 g. body weight, which is equivalent to 
0-17 mg. nicotine (base) per 100 g. body weight. Now our extracts could only 
have contained at the very most 0-2 mg. nicotine (base) per ml., and yet 0-1 ml. 
of these extracts per 100 g. rat body weight frequently caused marked anti- 
diuresis. For this reason alone it is unlikely that the antidiuretic substance in 
the extracts was nicotine. Further, doses of nicotine (1 mg. nicotine acid 
tartrate per 100 g. rat body weight) which caused only a moderate inhibition of 
diuresis in the rat invariably caused convulsions and temporary prostration. 
The urine extracts, on the other hand, frequently caused marked inhibition of 
diuresis, but convulsions and prostration were never seen. 


„06% 


o 80 © W 150 180 210 
Fig. 2. Diagram showing the inactivation of the antidiuretic substance in ‘post-smoke’ urine 
extracts by treatment with x- NaOH for 1 hr. at room temperature. Co-ordinates as in 
Fig. 1. @ —— @, rats injected with ‘post-smoke’ extract to which was added an equal 
volume of 2n-NaOH, and which was then immediately neutralized with HCI. O. . . O, rats 
injected with ‘post-smoke’ extract which was allowed to stand with an equal quantity of 
2n-NaOH for 1 hr. and was then neutralized with HCl. 6 0, rats injected with 
saline (control). 


It was also possible to test this point by experiment. It has been shown that 
the antidiuretic action of the extracts was completely abolished by treating 
with n-NaQOH for 1 hr. at room temperature (Fig. 2). The antidiuretic action of 
nicotine acid tartrate, however, is not affected by this treatment (Fig. 3). 
Moreover, the pressor action of nicotine acid tartrate on the spinal cat is also 
po by treatment with x- NaOH for as long as 24 hr. at room temperature 

) Quantitative tests. It should be possible to estimate the amount of anti- 
diuretic substance in the urine by comparing the effect of urine extract with 
that of pituitary (posterior lobe) extract (PPLE) in rats, Unfortunately, it is 
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not possible to do this directly by Burn’s method because of the ‘augmenting’ 
action of the urine extracts. The term ‘augmentation’ is used by Noble et al. 
(1939) to describe the increased antidiuretic effect of PPLE when it is added 


30 


0 30 60 9 120 150 180 210 2% 

Fig. 3. Antidiuresis in rats produced by injection of 1-0 mg. nicotine acid tartrate per 100 g. rat 
body weight. Co-ordinates as in Fig. 1. @ ——— @, rats injected with nicotine. © ----O, 
rats injected with nicotine which had been treated with x- NaOH. Note that the antidiuretic 
effect of the nicotine is unchanged by the treatment. 


Fig. 4. Spinal cat, blood pressure. At C, 0-9 mg. nicotine acid tartrate was injected (control). 
At T., 0-9 mg. nicotine acid tartrate, treated with x · NaOH at room temperature was injected. 

Note that the treated nicotine retained its pressor activity. 
to extracts of urine prepared by their method. It appears that there are 
substances in these extracts which markedly increase the action of PPLE when 
the mixture is injected subcutaneously into rats, and we have confirmed this 
!. 27 
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fact in our own experiments. We have tried to estimate the amount of anti- 
diuretic substance in the following way. We have injected extracts of urine 
passed after smoking into rats, as described by Burn (1937), and compared the 
effect with that produced by injection of extracts of urine passed in the same 
experiment before smoking, to which have been added various amounts of 
PPLE. The results are given in Table 1. The factors affecting augmentation are 


Taste 1. The antidiuretic effect of extracts of urine passed after smoking 
compared with pituitary (posterior lobe) extract 
50% time in minutes 
Subcutaneous injection per 100 g. rat body weight 
0-1 ml. 
0-1 ml. 


pre- smoking 
0-1 ml. — urine 
post-smoking extract Imo. extract+2 mv. 
Exp. no. urine extract PPLE PPLE 


1 166, 156 192 165 
Mean 161 

2 111, 120 95, 130 — 
Mean 115 Mean 112 

3 117, 105 60, 65 — 
Mean 111 Mean 63 


Post-smoking extract: mean 50% time - 129 min. 


mean 80% tie =108 min. 


unknown, and it may be that extracts of urine passed before smoking have this 
property to a greater or less degree than those of urine passed after smoking, 
even though the urine was passed by the same subject, during the same experi- 
ment, and the extracts were made in the same way. For this reason, the results 
can only be approximate. They show, however, that 0-1 ml. of extract of urine 
passed after smoking has an antidiuretic action equivalent to more than 1 mv. 


PPLE. In other words, the activity of urine passed after smoking is equivalent 
to more than 10 mv. PPLE/100 ml. 


DISCUSSION 


We have shown, confirming the work of Burn et al. (1945) and Walker (1949), 
that the smoking of one cigarette can inhibit water-diuresis in man. We have 
shown further that the urine passed after smoking contains an antidiuretic 
substance, while that passed before smoking is not antidiuretic when tested by 
the method of Burn (1937). This antidiuretic substance is not nicotine, but is 
destroyed by treatment with x- NaOH for 1 hr. at room temperature. It seems 
likely that it is the antidiuretic hormone of the posterior lobe of the pituitary. 

The activity of the substance in the urine extracts was equivalent to more 
than 10 mu. PPLE/ml. The extract was 1% by volume of the original urine, 
and during the process of extraction not more than 20% of antidiuretic activity 
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is lost (Noble et al. 1939), so that the original urine contained about 10 mv. /100 ml. 
Now the amount of urine éxcreted after smoking was about 500 ml., and this 
would contain 50 mv. It has been estimated that between 5 and 20% of PPLE 
injected intravenously in man is excreted in the urine (Edholm, Noble & Taylor, 
unpublished). This means that from 0-2 to 1 unit antidiuretic hormone was 
liberated into the blood-stream of the subjects in our experiments. It cannot, 
of course, be concluded from this that similar amounts are liberated into the 
blood-streams of habitual smokers or of those smokers who do not inhale. 

There remains the question whether this effect of smoking is due specifically 
to nicotine or to the nausea which often accompanies the inhalation of tobacco 
smoke. All the subjects in these experiments had some unpleasant sensations 
after smoking, varying from slight dizziness lasting a few minutes to definite 
nausea lasting about 3 hr. It is known that emotional or painful stimuli may 
produce the secretion of a.p.H. in dogs (Verney, 1946) and human subjects 
(Kelsall, 1949), and may cause the appearance of an antidiuretic substance in 
human urine (Noble, Plunkett & Taylor, 1950). 

It might therefore be argued that the antidiuresis after smoking is due to 
the accompanying unpleasant sensation and not specifically to nicotine. If this 
were so, nausea from any cause might be expected to produce an antidiuresis. 
There are reports, however, which indicate that this is not necessarily true. 
Nausea, and even vomiting, due to the subcutaneous injection of therapeutic 
doses of morphine in normal subjects is not accompanied by antidiuresis 
(Walker, 1949). In addition it appears that the nausea and the antidiuresis 
following the inhalation of tobacco smoke are not inseparable phenomena, In 
one of our experiments (not included in this paper) the subject inhaled two 
cigarettes and had a perfectly normal water diuresis in spite of nausea and 
malaise lasting 3 hr. In Walker’s (1949) series, one subject was nauseated after 
the injection of nicotine but had no antidiuresis, and another had antidiuresis 
without nausea. Chalmers & Lewis (1950) had two subjects who had a pro- 
longed antidiuresis after smoking without any subjective symptoms. It seems 
likely therefore that although both nausea and antidiuresis may result from 
the same experimental procedure—in our subjects, the inhalation of tobacco 
smoke—the two are not necessarily causally related. 


SUMMARY 


1. After the smoking of one cigarette, an antidiuretic substance is excreted 
in the urine of normal young male subjects who are ordinarily non-smokers. 

2. The evidence suggests that the antidiuretic substance is probably the 
antidiuretic hormone from the posterior lobe of the pituitary. 

3. The urine passed after smoking one cigarette has an antidiuretic activity 
equivalent to approximately 10 mv. pituitary (posterior lobe) extract per 
100 ml. 
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This work was done during the tenure by N. B. G. T. of a Nuffield Travelling Medical 
Our thanks are due to Miss J. Robinson for helping with the extractions, and to the three students 
who volunteered to smoke for us. 
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THE COMPOSITION OF GASTRIC JUICE 


By J. N. HUNT 
From the Department of Physiology, Guy’s Hospital, London, S. E. 1 
(Received 19 July 1950) 


It has recently proved possible to estimate the composition of the two hypo- 
thetical components of human gastric juice which according to Hollander's (1938) 
concept could account for the main variations in the concentrations of the 
inorganic ions (Fisher & Hunt, 1950). These calculations were based on the 
values for the concentrations of acid and chloride in gastric juice secreted in 
1 hr. (Ihre, 1938). Now Dr Ihre has kindly made available the results for the 
individual samples of gastric juice making up his hourly totals and this has 
allowed a more searching examination of the data since the statistical cal- 
culations may be made for each individual instead of for groups of subjects. 
It seemed possible that the more detailed examination might disclose individuals 
diverging largely from the mean of their group or differences between groups 
which were not shown by the original examination. It is of practical importance 
to make this effort since the values originally calculated are employed in the 
analysis of the results of the Serial Test meal (Hunt, 1951). Since the Serial 
Meal method is to be applied to patients with peptic ulcers it was especially 
necessary to decide whether the inorganic components of gastric juice in such 
patients differed from those in normal subjects. 


STATISTICAL METHODS 


Hollander’s (1938) hypothesis was based on the finding that when he plotted the concentration of 
acid in samples of juice against the concentration of chloride ions in electrical equilibrium with 
metallic cations, i.e. so-called ‘neutral chloride’, the points fell on a straight line. Fisher & Hunt 
(1950) have described the assumptions necessary for the calculation of the composition of the 
components of the gastric juice from the regression equation describing such a line. When it is 
required to compare the compositions of the two components which can be calculated from such 
regression lines, it is possible to compare the lines without actually computing the composition of 
the components. The regression lines drawn to pass through a plot of concentration of ‘neutral 
chloride’ against concentration of acid have been specified by giving the calculated intercepts of the 
lines with the two axes. In making this calculation the regression equation was chosen to make the 
appropriate intercept the dependent variable. The intercepts cannot be interpreted as indicating 
directly the composition of either of the two components. 
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THE DATA 


Ihre stimulated gastric secretion first with histamine and then with insulin in 
successive hours in 24 normal subjects, 20 patients with gastric ulcers, and 20 
with duodenal ulcers. Some subjects had more than 1 pair of tests. It is difficult 
to be sure that a specimen of gastric juice obtained from man is not contaminated 
by duodenal contents and saliva. Ihre reduced the significance of this con- 
tamination by aspirating the stomach for 20 min. or more before beginning 
collection, and by continuous suction from the duodenum and the mouth. 
Nevertheless there were a number of samples that he noted to be contaminated, 
or in which it may be inferred that there was contamination, because the con- 
centration of chloride was less than 100 m. equiv./l. Some subjects produced 
only three samples, of which it was necessary to reject one because of con- 
tamination. In such a case it was not worth while to calculate the regression 
line since it was not possible to estimate its reliability. A preliminary selection 
based on the above considerations left 210 samples of juice from normal 
subjects, 111 samples from patients with gastric ulcers, and 170 samples from 
patients with duodenal ulcers. 

Since it was conceivable that different stimulants might alter the composition 
of the two components it was necessary to see whether there was any significant 
difference between the regression line for ‘histamine juice’ and that for 
‘insulin juice’ within individual subjects. Separate regression lines were 
calculated for histamine and insulin juice for each of 24 normal subjects. There 
was no systematic difference between the intercepts for the histamine and 
insulin stimulated juices. This result suggested that nothing would be lost by 
pooling data derived from the juice secreted under the influence of histamine 
and insulin. 

A regression line was fitted to the pooled histamine and insulin data for each 
subject. The means of the intercepts of the regression lines on the neutral 
chloride axis and the acid axis calculated separately for the normal subjects, 


the patients with duodenal ulcers, and those with gastric ulcers are shown in 
Table 1 with their standard errors. 


Tax I. Pooled histamine and insulin data. Mean intercepts (m. equiv. /I.) 


No. of Mean neutral Mean acid 
records chloride intercept intercept 


Normal subjects 26 121 (43) 171 (42 
Patients with o ulcers 15 124 (+4) 154 78 
Patients with duodenal ulcers 15 124 (+4) 162 (+9) 


The mean intercept on the acid axis for the gastric ulcers is significantly 
different from that for the normal subjects. The total volume of secretion in 
patients with gastric ulcers is less than in the normal group, with less acid 
component and more alkaline component. A possible explanation of the 
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difference shown in Table 1 between the mean acid intercepts for normal 
subjects and patients with gastric ulcers might be that the extra-gastric 
contamination ‘was relatively more important in patients with gastric ulcers 
since their total volume of juice is relatively small. 

One effect of extra-gastric contamination is to upset the linear relationship 
between the concentrations of neutral chloride and acid. Thus, selecting 
subjects from each group with high correlation coefficients might be expected 
to produce groups in which the difference between the acid intercept for the 
patients with gastric ulcers and the normal subjects is smaller if the difference 
were due to contamination. Since the main effect of contamination is to lower 
the neutral chloride intercept, such a selection would also be expected to raise 
the mean neutral chloride intercept for all three groups above the values 
observed without selection. Both these expectations are fulfilled as may be 
seen from the results shown in Table 2. 


TaBLE 2. Pooled insulin and histamine data mean intercepts for subjects 
with a correlation coefficient greater than 0-97 (m.equiv./1.) 


No. of Mean neutral Mean acid 


Normal subjects 12 127 170 
Patients with 1 — ulcers 4 133 161 
Patients with duodenal ulcers 5 132 166 


Since low correlation coefficients increase the variance of the intercept it 
seemed reasonable to calculate weighted means of the intercepts, the weight 
being inversely proportional to the variance of each intercept comprising the 
mean, in an attempt to equalize the E h of contamination in each of 
the groups. 


Tax 3. Weighted mean intercepts for pooled histamine and insulin data (m. equiv. /I.) 


Mean neutral 
chloride Mean acid 
interoept intercept 
Normal subjects 1244.2 168+2 
Patients with ulcers 132+3 163+4 
Patients with duodenal ulcers 128+4 168+4 


As may be seen from Table 3, the three groups apparently are similar when 
treated in this way except that the neutral chloride intercept for normal 
subjects is lower than might be expected. This could be explained as follows. 
Normal subjects usually produce highly acid juice with low concentrations of 

‘neutral chloride’. When these points are plotted they fall as shown by the 
circles in Fig. 1. However, many subjects produce a sample of juice which 
contains a low concentration of acid at low rates of secretion, especially at the 
beginning of the experiment. Such a sample is thus peculiarly affected by 
contamination with saliva and duodenal contents, both of which would lower 
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the concentration of acid and chloride. Such a specimen would be plotted as 
shown by the cross in Fig. 1. It can readily be appreciated that such a point 
would have little influence on the correlation coefficient but would lower, the 
neutral chloride intercept considerably, at the same time raising the acid 
intercept. Thus a negative correlation between the neutral chloride intercept 


and the acid intercept might be expected. This does exist, as can be seen from 
Table 4, and is highest for the normal subjects as might be anticipated. 


= 150 

E 
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Concentration of acid (m. equlv./l.) 


Fig. 1. The effect of one contaminated sample of gastric juice on the intercepts 
of a regression line. © uncontaminated samples; x contaminated sample. 


The results so far considered suggest that contamination might account for 
differences between the mean intercepts for the regression lines for the different 
groups. This would presumably have less effect at high rates of secretion if the 


TaBLE 4. Correlation coefficients for acid intercepts plotted against neutral chloride intercepts 
No. of Correlation 
records 


coefficient 
Normal su 43* - 0-6 
Patients with gastric ulcers 15 -0-5 
Patients with duodenal ulcers 20* —0˙4 


volume of contamination were roughly constant. To test this hypothesis, 
samples of juice from normal subjects stimulated with insulin and histamine 
were grouped according to their rates of secretion and the regression lines were 
calculated for all samples with rates of secretion greater than 50 ml. / 20 min., 
etc. The results are shown in Table 5. It may be seen that the greater the rate 
of secretion the higher the values for the mean intercepts and the less the 


standard error, which would be expected if the significance of contamination 
was reduced at high rates of secretion. 


* Includes lines plotted with insulin data separated from histamine data. 
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The secretion of saliva during the period of insulin stimulation was measured 
and found to be less than during the histamine stimulation. In addition the 
insulin-stimulated secretion was collected after the stomach had been thoroughly 
washed out by histamine juice. Thus, to make a comparison between the groups 
in which contamination had a minimal effect, samples of insulin-stimulated 
juice with rates of secretion greater than 40 ml./20 min. were selected and 


regression lines fitted. 


TaBie 5. Intercepts calculated from samples selected according to rates of secretion 
(normal subjects, histamine and insulin data) (m. equiv. /I.) 


No. of Neutral chloride Acid 


Rate of secretion samples intercept intercept 
Greater than 50 ml./20 min. 48 136+ 5 17042 
30-40 ml./20 min. 43 1244 9 165+3 
Less than 20 ml./20 min. 57 105 +19 158+7 


TAL 6. Insulin data, rates of secretion greater than 40 ml./20 min. (m.equiv./1.) 


No. of Neutral chloride Acid 
samples _intercept intercept 


Normal subjects | 54 135+6 167+2 
Patients with ulcers 31 127+5 163+5 
Patients with duodenal ulcers 53 13144 16143 


TaBLE 7. Intercepts calculated for samples of insulin juice’ divided 
according to concentration of pepsin (m.equiv./l.) 


Normal Patients with Patients with 
subjects gastric ulcers duodenal ulcers 


Neutral chloride intercepts 
High pepsin 131+8 109+ 13 134+ 3 
Low pepsin 134+ 10 122+ 5 107 +10 
Acid intercepts 
High pepsin 17144 170411 162+3 
Low pepsin 165+3 16144 1694.7 


It may be seen from Table 6 that when every effort is made to eliminate the 
effects of contamination the three groups do not differ significantly. 

There is a further possibility which deserves consideration. Patients with 
duodenal ulcers secrete much more pepsin than the other groups. Since the 
pepsin is presumably secreted in solution, some fluid must be secreted with the 
pepsin and it is conceivable that in patients with duodenal ulcers this volume 
might be significant. Accordingly the samples of insulin juice with a rate of 
secretion greater than 40 ml./20 min. were divided into those with concentra- 
tions of pepsin less than 50 units/ml. and those with more than 50 units/ml., 
and regression lines were fitted. 

It may be seen from Table 7 that there is only one significant difference 
between the pairs of intercepts, that for the neutral chloride intercept of patients 
with duodenal ulcer. Since low concentrations of pepsin are surprisingly 
associated with high concentrations of acid in samples of juice obtained from 
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these subjects the situation is comparable to that discussed in relation to 
Table 3, so that the difference is probably not significant 1 in this context. It 
thus appears probable that the pepsin is secreted in a relatively negligible 
volume of fluid, which is in accord with the findings of Linde (1950) in cats. 


DISCUSSION 

Nothing has come to light in this examination to suggest that composition of 
the two components calculated for normal subjects differs from that calculated 
for patients with peptic ulcers. It is clear that even with Ihre's painstaking 
technique the contamination of gastric juice which occurs has very important 
effects on the results of the calculation of the composition of the two com- 
ponents using these methods. In the paper by Fisher & Hunt (1950) it was 
concluded that the composition of the non-parietal component secreted after 
histamine was probably different from that secreted after insulin. It seems 
possible from the present analysis that the difference found was the result of 
the higher incidence of salivary contamination on the samples obtained after 
histamine because they preceded the insulin stimulated samples. The important 
effects of contamination have prevented any useful estimate of the variation 
in the components of the gastric juice. 


SUMMARY 


1. The figures obtained by Ihre (1938) for the composition of gastric juice in 
normal subjects, patients with gastric ulcers and patients with duodenal ulcers 
have been analysed in detail. 


2. A study of the effects of contamination of gastric juice by saliva and 


duodenal contents upon the method of arriving at the composition of the two 
hypothetical components has been made. 


3. There is no evidence that there is any difference between these three 


groups of subjects in the composition of the two hypothetical components of 
the gastric juice. 


I am indebted to Mr P. Armitage of the Medical Research Council Statistical Research Unit, 
London School of Hygiene and Tropical Medicine, for much statistical advice. 

This work was supported by a grant from the Scientific Investigations Grant-in-aid administered 
by the Council of the Royal Society. 
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RELATION OF RETINAL STIMULATION TO OESTRUS 
IN THE FERRET 


By A. P. D. THOMSON 
From the Department of Anatomy, University of Birmingham 
(Received 31 July 1950) 


Previous experiments on ferrets which were designed to determine the way in 
which light stimulation of the retina becomes translated into stimulation of the 
pituitary, with the consequent release of gonadotrophic hormone, have led to 
equivocal results, On the assumption that the stimulus is conveyed along the 
optic nerve, Clark, McKeown & Zuckerman (1939) attempted to find out 


whether or not anoestrous ferrets whose visual pathways had been interrupted | 


at different levels came into heat under the influence of additional daily illumina- 
tion. The experiments showed that animals whose optic nerves had been 
divided either did not come into heat at all, or came into heat much later than 
control animals. They showed, in addition, that the gonadal response could also 
occur: (a) in the absence of the superior colliculi; (b) when all retinal impulses 
to the dorsal nucleus of the lateral geniculate body and the visual cortex had 
been completely interrupted. Unfortunately, attempts to divide the optic 
tract at the level of the ventral border of the lateral geniculate body were only 
partially successful, and in each of two experiments some cells of the dorsal 
nucleus remained connected with the optic tract of one side. It was argued, 
however, that unless a few isolated normal cells in the dorsal nucleus of the 
lateral geniculate body were sufficient for adequate cortical stimulation, the 
experiments showed that a normal oestrous response could occur in the absence 
of the visual cortex and the superior colliculi, and even after interruption of 


retinal impulses passing to the dorsal nucleus of the lateral geniculate body, 


visual cortex, superior colliculi, and pretectal area. This conclusion suggested 
that the visual response depended on impulses passing either to the ventral 
nucleus of the lateral geniculate body or to the subthalamus by way of acces- 
sory tracts. 

The brains of the animals used in these experiments were later studied by 
Jefferson (1940). He failed to demonstrate either the existence of accessory 
optic tracts or of any other connexion between the main optic pathway and the 
hypothalamus, and consequently concluded ‘that there may be no special 
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pathway mediating this response, and that the latter may be an indirect 
response to the changes in the total activity of the animal’. 

In spite of this negative conclusion, it remains a fact that there is some func- 
tional connexion between the eye and the pituitary in the ferret. As a first 
step, it was decided to see whether the retinal stimulation which produces 
light-induced oestrus is conveyed along the optic nerve fibres themselves, or by 
way of either the retinal blood vessels or the long and short ciliary nerves. 

In all previous experiments in which the optic nerves were divided, the 
operation involved all these structures. 


MATERIAL AND METHODS 


The animals were a mixed population of albino and polecat ferrets obtained from dealers. They 
were housed singly in cages 11 x 11 x 14 in., which were arranged in four tiers around three sides 
of a room 9 x 15 ft. The room was divided into two parts by a heavy light-proof canvas partition. 
One part of the room was exposed to normal day-lighting conditions through a glass door and 
fanlight (about 28 sq.ft. of glass) and accommodated forty-eight ferrets. The other part of the room 
had a single window (about thirty-six sq.ft.) and held sixty animals. In this part of the room a 
40 W. electric bulb was suspended over the centre of each cage, 15 in. above its floor. 

2 c at random on racks in the illuminated and 

non · illuminated halves of the room. 

Each animal received about } Ib. fresh horse meat and } pint of milk daily. 

The ferrets were examined approximately every 5 days, and the following points recorded: 
weight and general condition; degree of distension of the vulva; and the size of the pupils. The 
animals were tested at the same time for form vision. 

Operative procedures. Operations described by Wagenmann (1890) for the study of effects of 
cutting the ciliary arteries of rabbits, and by McCrea, Eadie & Morgan (1942) for cutting the optic 
nerve fibres of dogs without causing appreciable damage to the autonomic nerve fibres in the optic 
nerve sheath, were modified for use in the present experiment. 

In the ferret the long posterior ciliary arteries course along a plane which is continuous with the 
long axis of the elliptical pupil, and their position can readily be identified. The central artery to 
the retina takes up its intraneural course about I mm. from the cribriform plate. 

Operations were carried out under pentobarbitone anaesthesia. The hair in the region of the 
outer canthi was removed and the animal placed on its side with its nose towards the operator. 
The outer canthus was slit (Fig. 1, 1) and the edge of the wound held apart in a frame retractor 
(Fig. 1, 2). The bulbar conjectiva overlying the external long posterior ciliary artery was picked 
up and cut parallel to the corneo-sclerotic margin (Fig. 1, 3). The exposed insertion of the lateral 
rectus muscle was also divided, allowing the eyeball to be rotated nasally. The optic nerve was 
then brought into view by pushing a small pledget of cotton-wool between the nerve and the 
orbital ligament (Figs. 1, 4 and 2,6). A small curved hook was inserted into the sheath of the optic 
nerve (Fig. 2, 5) and passed round the optic nerve fibres, which were then divided within the hook 
by means of a small knife (Fig. 2, 8). Alternatively, the sheath of the nerve could be crushed in 
special forceps placed around the hook (Fig. 2, 7) or the animal could be left as a control-operated 
animal. In those animals whose retinal circulation was interrupted, the sheath and its contents 
were crushed for two periods of 2 min. separated by an interval of 2 min. Complete division of the 
entire sheath and all the fibres of the optic nerves was effected in the usual way with scissors. 

All operations were carried out during July, August and September 1947. 

The animals were separated into a control and an experimental group, each containing: (a) 
animals in which only the optic nerve fibres of both sides were divided, and in which the central 
artery to the retina and the long and the short posterior ciliary vessels were not disturbed; (b) 
animals in which the optic nerve fibres themselves were not damaged and in which the other 
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structures named above were crushed; (c) animals in which both sets of connexions were divided; 
() ferrets with control operations; and (e) unoperated normal animals. The ‘control’ group was 
placed in the half of the experimental room which was illuminated by daylight only. The experi- 
electric > 

Beginning on 22 October 1947, and until about the middle of April 1948 (a period during which 
the normal female ferret is in anoestrus in this country), the experimental group of animals was 
exposed to extra artificial illumination for 6 hr. daily (4.30-10.30 p.m.). The lights were controlled 


by a Venner time switch. 


Fig. 1. Operative technique, 1-4. 


Histology. Sections of the eye and optic nerves were prepared to determine the effects of the 


various operations on these structures. . 


Sections of the eye in which the retina, choroid, and sclera remained in their normal anatomical 
relationship were difficult to prepare. The following method was most suitable. The freshly excised 
eye was fixed in warm Helly’s fluid for 24 hr. It was then washed in running water overnight and 
dehydrated in alcohol. The cornea and lens were then removed. After paraffin embedding, sections 
were cut at 10. and stained with Weigert’s haematoxylin. 

Optic nerves from normal and operated animals were treated with osmic acid to stain myelin 


and with Bodian’s technique to demonstrate nerve fibres. 
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These were recorded from normal and operated animals to assess the func- 
tional state of the retina. On the evening before each recording, 1/200 gr. atropine sulphate was 
instilled into the eye. Immediately before the electroretinogram (e. r. g.) was taken, the animal was 
light-adapted for at least half an hour in a dark room which was artificially illuminated. The animal 
was anaesthetized with intraperitoneal pentobarbitone and the hair over the upper eyelid removed. 
One drop of 2% cocaine hydrochloride was instilled into the eye before a wire speculum was inserted 
between the eyelids. When the pentobarbitone anaesthesia was satisfactory, usually after 10-15 
min., small cotton-wool electrodes were positioned on the cornea and eyelid, and e. r. g. s were 
obtained to a variety of stimuli, viz. from the lights of the room, operated by the wall switch; 


Knife cutting optic n. fibres 
Fig. 2. Operative technique (schematic) 5-8. 


from a brief flash of white light lasting about sec.; and from red flashes of similar duration 
through Wratten filters nos. 70 and 29. The no. 70 filter neutralizes any response from rod elements, 
and the no. 29 filter acts as a neutral filter cutting down the intensity of the flash. Both eyes of 
about forty-five animals were examined, many of them more than once, and at varying intervals 
after the operations. The e.r.g.’s were observed on an oscilloscope and recorded on a pen-recorder. 

Ophthalmoscopic examination of the eyes. Normal and operated animals were examined with an 
ophthalmoscope at intervals of about a month. 

Tests for form vision. A normal ferret in a cage will closely follow a moving hand outside the 
cage by moving its head. If placed on top of one of a pair of adjacent cages it will soon bridge the gap 
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between them even if this means j If the upper part of the bottomless cage of a ferret is 
suddenly and silently removed from its ray a normal animal will soon wander off. 

Animals judged blind behave in a very different way. They do not respond to hand movements 
outside the cage, nor do they appear to be a of an approaching hand. They do not succeed in 
bridging the gap between two cages but ei on top of one of them or climb down off it 
backwards. Sudden removal of the upper part of its cage will sometimes find a blind animal 
remaining motionless in ite tray. At other times the animal will lift its front legs as though ex- 
pecting to feel the walls of the cage. 


RESULTS 


The animals whose optic nerve fibres had been divided, and whose optic nerve 
sheaths had been crushed, behaved differently from normal unoperated or 
control-operated animals. 


TaBLE I. Ferrets in oestrus and anoestrus after 16 weeks of added illumination, 1947-8. (Lates's 
correction for continuity in small samples was used in each x test) 


up 
— in Degrees 
No. in No. in No. in No. in of the — of 


Operation group oestrus anoestrus oestrus anoestrus room freedom P 
(1) (2) (3) (4) (5) (6) (7) (8) 

Animals with optic 1 5 0 12 1-132 1 08-0-7 
nerve fibres only 

Animals with 0 8 1 10 0˙208 1 07 -0•5 
sheath of 
nerves crush 

Animals with com- 0 3 0 5 — — — 
optic nerves 

vi 

Sub-total for 1 16 2 27 0-234 1 07-05 
0 groups 

Animals with con- 0 5 4 0 5-406 1 0-02 
trol operation on 

— ferrets 0 6 37.73 1 <0-001 

Sub- total for con- 0 35 34 6 46-24 1 <0-001 
trol groups 


Table 1 shows the number of animals in oestrus and anoestrus 112 days after 
the beginning of the experiment in the control (columns 2 and 3), and the 
experimental halves of the room (columns 4 and 5). The proportion of blinded 
ferrets in oestrus (i.e. animals in the following operated groups: complete 
section of the optic nerves; division of the optic nerve fibres alone; and the 
interruption of the components of the optic nerve sheaths) was the same in two 
halves of the room, a & test revealing no statistical difference. On the other 
hand, there were significantly more normal and control-operated animals in 
oestrus in the illuminated half of the room than in the other half of the room. 

In the whole experiment there were forty-six ferrets, some or all of whose 
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optic nerve components had been interrupted. Forty-three of them were not 
in heat after 112 days. Thirty-two of these came into heat at varying times 
between 120 and 200 days. The remaining animals were sacrificed between 180 
and 250 days after the beginning of the experiment, while still anoestrous. The 
times at which the operated animals (other than control-operated) came into 

heat did not vary in any systematic way according to the character of the 
operation. Correspondingly, the animals which did not show any signs of heat 

after 200 days included ferrets whose optic nerves were divided, ferrets whose 
optic nerve fibres had been sectioned, and ferrets whose optic nerve sheaths had 

been crushed. 

Analysis also showed that the distance of the cage from the window or door 
of the room bore no relation to the speed with which normal animals illuminated 
and non-illuminated, came into oestrus. . 

These observations show that there are no differences in the effects of com- 
plete nerve section, division of the optic nerve fibres alone, and crushing of the 
sheaths of the optic nerves, so far as the gonadal response of ferrets to additional 
light is concerned. 

Two animals in the group of ferrets whose optic nerve sheaths were crushed 
and which were exposed to added light came into heat at the same time as did 
normal animals given additional illumination. One of these animals had form 
vision—as judged by the tests described. The third operated animal which came 
into heat within 112 days from the start of the experiment had had its optic 
nerve fibres sectioned. This animal was exposed to normal daylight only; its 
response to visual tests suggested that it was blind. It was in fact the only 
animal in heat after 112 days in the non-illuminated part of the room. 

This general picture of uniformity in the response of the operated animals to 
added light contrasts with the following differences in the appearance of the 
eyes: the histological picture of the retina; and the e.r.g. responses. 

Ophthalmoscopic examination. The chief conditions attributable to the opera- 
tions were: (a) fixation of the pupils in dilatation, (b) the formation of cataract, 
and (c) pallor of the optic disks. 

It is known that oestrus may not occur or may occur at irregular intervals 
in ferrets which spontaneously develop bilateral cataract (Bissonnette, 1935; 
and others). In the present experiment cataract: developed in both eyes, 
significantly more often (as shown by x tests) in the group of animals in which 
all components of the optic nerve trunk were divided, than in those in which 
the optic nerve fibres alone, or the components of the optic nerve sheath alone, 
had been interrupted. Nevertheless, oestrus occurred no more frequently in 
these two groups than in the first. This observation suggests that bilateral 
cataract per se does not play a major part in the arrest of the sexual cycle. 

Similarly, the retinal blood vessels in the first group were usually thinner and 
more scanty than in the other operated groups. It may be observed that in 
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general no change was observed in the fundal blood vessels of animals whose 
optic nerve fibres alone, or whose optic nerve sheaths, had been interrupted. 

Histology of the retina. The only reference to the histology of the ferret eye 
found in the literature is a short report by Rochon-Duvigneaud (1943), who 
states that the Mustelidae in general, and the ferret in particular, have a retina 
which is rich in cones and ganglion cells, . bref un cil de qualités visuelle 
et accommodative bien supérieures’. 

In the present experiment it was found that normal ferrets may suffer from 
a congenital retinal condition characterized by thinning and disappearance of 
the outer retinal layers (Tansley, 1948). The retinae of the animals whose optic 
nerve fibres only had been cut were practically normal; only the ganglion cell 
layer appeared to have degenerated. Animals whose optic nerves were com- 
pletely divided in general showed the greatest amount of damage; in some of 


them large areas of all layers of the retina had completely degenerated. These 


eyes were usually associated with cataract. The retinae of the animals with 
crushed sheaths tended te show an intermediate amount of damage. The one 
change that was common to all these groups was degeneration of the ganglion 
cell layer. 

Electroretinograms. The responses varied somewhat among normal eyes and 
even in the same eye from day to day, but e.r.g.’s from operated animals 
recorded 7 months after operation were hardly distinguishable from normal. 
This was especially so in the animals whose optic nerve fibres alone had been 
sectioned and in the animals whose optic nerve sheaths had been crushed. 
Altered responses were obtained from some animals whose optic nerves were 
completely severed. The presence of a cataract invariably prevented an e.r.g. 
from being obtained. No e.r.g.’s were obtained from animals whose rods and 
cones had degenerated. 

Tests for form vision. All the animals whose optic nerves had been completely 
divided or whose optic nerve fibres alone had been sectioned were judged blind 
on the basis of the tests used for form vision. With the exception of one animal, 
the group in which the optic nerve sheaths had been crushed was also judged 
blind. This animal was one of the two in this group which came into early 
oestrus during the winter illumination. 


DISCUSSION 


Earlier observations on the stimulation effect of artificial illumination on 
gonadal function in the normal anoestrous female ferret indicate that the 
primary receptor is the eye. The present experiments show that any one or a 
combination of a number of ocular defects may be associated with an absence 

of the response. 
Neither ferrets with their optic nerve fibres sectioned, nor with the blooa 
supply to the retina interrupted, came into heat precociously because of added 
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illumination. It would appear, therefore, that the experiment failed to dif- 
ferentiate between the possible role of the optic nerve fibres and the retinal 
blood supply in the response of the ferret to light-induced oestrus. But as far 
as the blood supply to the retina was concerned there was no difference in these 
two groups of animals as indicated by the ophthalmoscope, the histological 
picture and the injection of the blood vessels with indian ink at death. The 
significant common feature was degeneration of the ganglion cell layer. 
Presumably the disappearance of this layer was responsible for the absence of 
the gonadal response. 

In so far as the e.r.g. is a measure of physiological function, it is clear from 
the results that the gonadal response is dependent on some event occurring in 
the neurological chain of visual processes subsequent to the local response of 
the retina to light stimulation. 

It is of interest that the retina can retain some physiological activity, as 
indicated by the e.r.g., when the ganglion cell layer has degenerated and the 
remainder of the retina appears healthy. A related observation has been made 
by Campos (1936), who sectioned the optic nerve in rabbits, taking care that 
the central vessels of the retina and the ciliary arteries were left undamaged, 
and then measured the respiration of the retina by the Warburg technique at 
intervals up to 158 days after the operation. He found that the metabolism 
of the retina did not alter even when the optic nerve fibres and the ganglion 
cells were completely degenerated. On the other hand, Santoni (1939) reported 
that the retina consumed more oxygen if its circulation is interrupted for less 
than 30 min., and less oxygen if the interruption is continued for longer. He 
attributes the increased consumption to the liberation of substances such as 
fatty acids which are said to stimulate oxygen utilization. The fall in respiration 
following prolonged interruption to the retinal circulation was attributed to the 
progressive fall in the vitality of the retinal elements. 

Return of the retinal circulation, as seen by the ophthalmoscope and by the 
injection of indian ink at death, occurred in all animals whose retinal circula- 
tion had been interrupted. The same observation was made by Sherrington 
(1886), who tied a ligature as tightly as possible around the optic nerve of a 
rabbit, and 9 weeks later reported that the retinal circulation had become 
re-established, although the animal appeared to be blind on that side. Blind- 
ness and degeneration of the optic nerve also occur clinically after a massive 
haemorrhage (Levatin, 1947). 

Since the integrity of the ganglion layer appears to be necessary for the 
occurrence of the gonadal response, it is safe to infer that the initial mechanism 


in the transference of light stimuli from the eye to the ferret hypophysis is a 
nervous one. 
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SUMMARY 


1. On the assumption that light-induced oestrus in the female ferret operates 
through the eye, the present experiment was designed to determine which 
component of the optic nerve was concerned in the response. 

2. Four groups of animals were used: (a) animals in which only the optic 
nerve fibres were divided, and in which the central artery to the retina, and 
the long and short ciliary vessels and nerves, were left intact; (b) animals in 
which the optic nerve fibres were not disturbed, and all the other structures 
named above were crushed; (c) animals in which both sets of connexions were 
divided, i.e. division of the complete optic nerve; and (d) controls. In this last 
group were control-operated and normal unoperated animals. 

3. The animals were separated into a ‘control’ and an ‘experimental’ group 
each containing animals from (a), (ö), (c) and (d). The control group was placed 
in half of an experimental room which was illuminated by daylight only, while 
the experimental group was placed in the other part of the room, which, in 
addition to normal daylight, was artificially illuminated for 6 hr. daily, from 
October 1947 until April 1948. 

4. The experiment showed that the gonadal response to added light appeared 
to depend on the integrity of the ganglion cell layer of the retina and that the 
initial mechanism in the transference of light stimuli from the eye to the ferret 
hypophysis is a nervous one. 


It is a great pleasure to thank Prof. S. Zuckerman, F. R. S. for his sustained interest and 
helpfulness. My thanks are also due to Mr W. J. Pardoe, of this Department, for making the 
special instruments used in the operations; to Mr H. M. F. Asher, B.A., of the Physiology Depart- 
ment for his skill in obtaining electroretinograms; and to Dr K. Tansley, D.Sc. (Institute of 


Ophthalmology, Judd Street, London), for much interpretation of retinal histology. 
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CEREBRAL DESTINATION OF SPLANCHNIC 
AFFERENT IMPULSES 


By C. B. B. DOWNMAN | 
From the Sherrington School of Physiology, ene 
(Received 9 August 1950) 


The sensory areas of the cerebral cortex have been mapped in some detail in 
the last decade following the studies of Adrian (1941) and of Marshall, Woolsey 
& Bard (1941). Using the evoked potential technique it is now possible to 
differentiate the somato-sensory areas into somatic I and somatic II areas 
(Woolsey, 1946), at least in animals such as the monkey, cat, dog, pig, sheep 
and rabbit (Woolsey & Fairman, 1946). So far as the central projection of 
impulses from the deep surface of the body, i.e. the intestine, is concerned, less 
information is available. Certainly splanchnic afferent impulses ascend in the 
brain stem as high as the oculomotor nucleus (Bain, Irving & McSwiney, 1935). 
There is some evidence that such impulses may reach the cerebral cortex in man. 
Penfield & Erickson (1941) reported upon epigastric aurae in epilepsy and noted 
that stimulation of points on the exposed cortex in man might produce nausea. 
Rasmussen & Penfield (1947), summarizing their observations upon the effects 
of stimulation of the exposed human cortex, state that intra-abdominal 
sensation is represented in a cortical area at the lower end of the precentral 
gyrus, below the mouth and throat area. Possible extension of the area into 
the Sylvian fissure and Island of Reil was not explored, for technical reasons. 

Because of the lack of observations upon the higher projections of visceral 
afferent impulses it was considered useful to attempt to map such 9 
in laboratory animals. 


METHOD 


Cats were anaesthetized with chloralose alone, hexobarbitone, pentobarbitone, thiopentone, Dial 
(Ciba), or with chloralose coupled with one of the barbiturates named. The amounts administered 
were as follows: chloralose alone, 60-90 mg./kg. intravenously during preliminary ether anaesthesia ; 
hexobarbitone, pentobarbitone, thiopentone, 50 mg./kg. intraperitoneally followed by 5-10 mg. 
intravenously as required; Dial (Ciba) 0-5 ml. /kg. intra peritoneally; chloralose 50 mg./kg. together 
with one of the barbiturates. The cerebral hemisphere of the left, or of both sides was exposed by 
a wide enough removal of calvarium to give access to both somatic I and somatic II areas. After 
reflecting the dura mater the exposed cortex was protected by immersion under a pool of liquid 
paraffin. The right splanchnic nerve was exposed retroperitoneally by incising the lumbodorsal 
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fascia at the edge of m. sacrospinalis. The nerve was cut where it joined the coeliac ganglion and 
freed up to the crus of the diaphragm. At the same time the subcostal nerve, an intercostal nerve 
or a lumbar nerve of the right side were cut and freed for about 2 cm. of their course; the nerves 
were preserved by immersion in a pool of liquid paraffin (Fig. I). The central ends of the cut nerves 
were stimulated, through platinum wire electrodes, with single shocks controlled by the time base 
of the recording double · beam oscilloscope. Cortical potentials were recorded with either a wandering 
unipolar electrode touching the cortex, with an indifferent electrode on adjacent cortex or tissue of 
the head, or with dipolar electrodes of which the points lay about 1 mm. apart. The latter allowed 
rather more accurate localization of responses. The electrodes were of platinum or chlorided silver 
wires with rounded tips. The balanced-input amplifier system had an over-all time constant of 
about 80 msec. at the usual gain. 


Ce 


Fig. 1. Fig. 2. 

Fig. 1. General arrangement of experiments: SPL =central cut end of the splanchnic nerve of 
the right side; IVT = central cut end of a nerve of the body wall, intercostal or lum bar. 
Fig. 2. Upper tracing shows cortical response to splanchnic nerve stimulation in cat under light 
chloralose anaesthesia recorded with a monopolar lead off the contralateral I area. Lower 
traces show simultaneous records of activity in bilateral II areas, using a double-channel 
amplifier, in a cat under deep nembutal anaesthesia. Spot indicates moment of stimulation; 

vertical lines indicate 80 V. positivity at the cortical surface. 


RESULTS 


Responses to nerve stimulation. Single shocks to the central cut end of the 
splanchnic nerve evoked localized potential changes of the cerebral cortex. The 
potentials were similar to those evoked by stimulation of the body-wall nerves 
or of sensory receptors of the skin (Marshall et al. 1941). An initial surface- 
positive wave might be followed by a simple negative wave, or by more complex 
oscillations of potential (Fig. 2). With the lighter chloralose anaesthesia the 
complex potential waves were evoked in the whole of the sensorimotor cortex, 
and were of no localizing value. When the anaesthesia was deeper the wave 
form was simplified until, in quite deep anaesthesia, only the initial surface- 
positive wave remained. This was used as the index of the approach of impulse 
volleys towards the cortex in localizing the projection areas (Adrian, 1941; 
Bishop, 1949). | 

Choice of anaesthetic. Good regular responses were obtained during pure 
barbiturate anaesthesia, but the anaesthetic of choice proved to be a mixture 
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of chloralose and a barbiturate. Chloralose in small amounts seems to open up 
the pathways to the cortex. For example, if an animal under barbiturate 
anaesthesia was not giving cortical responses to nerve stimulation, injecting 
chloralose intravenously would result in good responses appearing within an 
hour. Least success was obtained with pentobarbitone alone, but this may be 
because the animal was not left long enough to acquire that sensitivity which 
appears after many hours under this anaesthetic. The majority of experiments 
were done during hexobarbitone-chloralose or thiopentone-chloralose anaes- 
thesia. 

Splanchnie origin of the effective impulses. In anaesthetized animals, parti- 
cularly if chloralose is used, stimulation of the splanchnic nerve may cause 
reflex twitches of the body wall. This movement might be a source of afferent 
volleys of impulses from réceptors of the body wall which are stimulated by the 


1000 


Decamethonium paralysis 


Fig. 3. Upper traces show activity of contralateral I area and of muscles of the belly wall on 
centripetal stimulation of the right splanchnic nerve. After injecting decamethonium iodide 
100 fg. / Kg. intravenously, the reflex muscle activity ceased but the cortical response was 
unaffected (lower traces). Electromyograph recorded with two platinum wires I cm. apart 
touching exposed muscle. Chloralose anaesthesia. 


movement of the animal. It was necessary, therefore, to eliminate this move- 
ment as an indirect cause of effective impulse volleys arising from some non- 
splanchnic origin. First, it was found that the cortical potentials were recorded 
when the animal was sufficiently deeply anaesthetized with barbiturates to 
block all viscero-motor reflex activity (Fig. 2). Secondly, deliberate paralysis 
of all skeletal muscle did not abolish the cortical responses (Fig. 3). The 
paralysing agent used was decamethonium iodide (Paton & Zaimis, 1949), 
injected intravenously in doses which paralysed breathing. This dose also 
abolished the contractions of the muscles of the belly wall both to stimulation 
of a bared lumbar nerve and also to reflex stimulation via a splanchnic nerve. 
The criteria of paralysis were (a) the absence of all visible and palpable motion 
of the belly wall, (b) absence of motion of a sensitive tambour recording changes 


| 
Nuscle 


SPLANCHNIC PROJECTIONS TO CEREBRUM 437 


of pressure in a balloon in the belly cavity, (o) abolition of the action potential 
of the muscles of the belly wall (Fig. 3). In spite of the paralysis the cortical 
responses were unchanged. 

It was also possible that the cortical activity represented a response to 
stimulation of nerves of the nearby body wall by current escaping from the 
electrodes on the splanchnic nerve. That the effective impulses did arise in the 
splanchnic nerve itself was shown in the following way. Cerebral potentials 
were recorded in response to splanchnic stimulation with the electrodes close 
to the cut end of the nerve. Crushing the nerve proximal to the electrodes 
abolished the response. Moving one electrode to lie proximal to the crushed 
region brought back the response (Fig. 4). 


F | 


Fig. 4. Demonstration of splanchnic origin of impulses. S = response to centripetal splanchnic 
stimulation, I= response to centripetal stimulation of subcostal nerve. Left-hand diagram 
indicates position of electrodes on splanchnic nerve. Crushing this nerve abolishes the response 
(middle line); while moving an electrode proximal to the crushed region brought back the 
response (bottom line). Nembutal anaesthesia. Dipolar electrodes on contralateral IT area. 


Bilateral section of the vagus nerves in the neck did not alter the responses. 

Distribution of cortical potentials. Using the initial positive wave to define 
the projection areas, it was found that the splanchnic volleys are projected to 
somatic areas II of both sides and also to the contralateral somatic area I. The 
cortical regions involved are also the destination of impulses from the body 
wall and correspond to the trunk areas as shown in the maps of Woolsey & 
Fairman (1946) (Fig. 5). The splanchnic responses occupied only a part of this 
area, the active region being about half the area giving responses to stimulation 
of intercostal and lumbar nerves. That the splanchnic projection area does not 
occupy the whole of the trunk projection area was shown by the response to, 


for example, subcostal nerve stimulation being sometimes recorded as an 


inverted wave from dipolar electrodes adjusted to record the maximum 
splanchnic response as a simple monophasic wave. That is, the centre of sub- 
costal activity lay a little distant from the centre of splanchnic activity. 
Searching with a monopolar electrode showed that these centres might be as 
much as 2 mm. apart. The distribution of potentials has been found to be the 
same in one dog under chloralose-nembutal anaesthesia. 
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The responses in the bilateral somatic II areas were the most constantly 
present. Activity in the somatic I area depended on the level of anaesthesia as 
well as on the general state of the animal. Deepening the anaesthesia abolished 
first the response in contralateral somatic I area; then the responses in both 
somatic II areas decreased together and at the same rate. It was noted also 
that in preparations which showed responses in all three areas, the stimulus 
threshold for the somatic I response was higher than that for the somatic II 
responses. Also in animals under chloralose anaesthesia, which gave a reflex 
twitch of the belly wall, the thresholds of somatic I responses and of the reflex 
were equal, and were higher than for somatic II responses. These findings sug- 
gest that either the responsible pathways to the two areas differ anatomically, 
or that summation of impulses is necessary to open the pathways to the 
somatic I area. 9 


Fig. 5. Diagram of cat brain seen from above showing situation of active areas on stimulating 
central cut end of a splanchnic nerve (SPL). These areas are active also on stimulating the 
central cut end of a trunk nerve, e.g. intercostal. 


The responses in any one area were not dependent upon the activity in the 
other areas. Destruction of responding cortical areas did not alter the activity 
in the remaining areas. The localized destruction was produced by application 
of a brass rod at 80° C. for 5 sec., as recommended by Dusser de Barenne (1937). 
It is suggested that the projections to the cortex involve three separate path- 
ways above the thalamus, and that intercortical connexions between the areas 
are not primarily involved. 

Projections to other cortical areas. Search was made for other possible pro- 
jection areas on the cortex, particularly upon the medial aspect of the hemi- 
sphere. This was approached by removing the upper part of one hemisphere 
to expose the medial face of the other. No cortical potentials evoked by splanch- 
nic stimulation were recorded from this or other areas outside the trunk areas 
previously named. 

Latency of responses. The time taken by the impulse volleys to travel to any 
of the cortical areas varied from cat to cat, and much of this variation was 
probably to be related to the effect of different anaesthetics upon the conducting 
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pathway. Comparison of the latencies of the responses to the three active 
areas in the same cat showed, however, that the response in the ipsilateral II 
area was distinctly later than in the other areas. Table 1 shows the latencies of 
the responses on stimulating a splanchnic nerve and also on stimulating the 
central cut end of one of the nerves of the body wall. The latency was measured 
from the beginning of the shock artefact to the first movement off the base-line 
of the positive potential wave, estimated to the nearest } msec. A two-channel 
amplifier was used, so that the responses at two places could be recorded 
simultaneously. In each instance the electrodes were at the place on the cortex 
which gave the largest response with the shortest latency. The table shows that 
the splanchnic response resembles the response from somatic nerve stimulation, 
in both cases the responses in the ipsilateral II area having a longer latency 
than those in the contralateral I and II areas. 


TaBLE I. Latency of responses in the three active areas in two cats on centripetal stimulation of 
a splanchnic and a trunk nerve. In cat A, trunk nerve = 3rd lumbar; in cat B, trunk nerve = 
11th intercostal. Estimates to nearest } msec. Simultaneous records from two areas at a time. 
Nembutal-chloralose anaesthesia. Each estimate gives the range of six consecutive records. 


Splanchnic nerve Trunk nerve 


Contra 1 Contra II Ipei II Contra 1 Contra II Ipei II 

Cat A 7-7 — 10-1 5 
2 10}-11 10 12-13 

CatB 85 8} — 39 — 
* 81-0 10-11 8} 105-11 


Amplitude of the responses. The initial positive wave sometimes reached 
100 AV. in amplitude, but was more usually 50-70 AV. Generally the maximum 
potential change on splanchnic nerve stimulation was some 10-20 pV. less than 
that following intercostal nerve stimulation. No consistent difference of 
amplitude between contralateral and ipsilateral II responses was found, but 
the responses in contralateral I were usually smaller than the others. Indeed, 
the latter responses were more fragile than the others, disappearing more 
readily with deepening anaesthesia or deterioration of the animal, as described 
above. 

Peripheral origin of effective impulses. Stimulating the large nerve bundles 
of the coeliac plexus, in the root of the mesentery, elicited the responses 
described. Stimulating the neurovaseular bundles of the mesentery, with one 
electrode on the intestinal entry of the bundle and the other on the bundle 
about 14 em. proximal, was also effective. Now stronger shocks were required 
than when using bared splanchnic nerve. Part of the reason for this might be 
the shunting effect of the blood vessels. Tying the bundle with a thread proxi- 
mal to the electrodes abolished the response, showing that the stimulus was 
affecting afferent fibres of the bundle. Single shocks to a length of the intestine 
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were ineffective. It must be emphasized that the neurovascular bundles un- 
doubtedly contained afferents from Pacinian corpuscles, and it is not at present 
certain what is the relation between the responses and these afferents. 


DISCUSSION 


The results of the above experiments show that, at least in the cat, impulses 
carried by the splanchnic nerve can ascend as high as the cerebral cortex. It 
is interesting that the projections on to the cortex go to three of the somatic 
sensory projection areas, contralateral I and II and ipsilateral II in the 
terminology of Woolsey (1946). Further, in each region the projection is to the 
cortical area associated with sensation of the trunk of the animal. The evidence 
presented above shows that the effective impulses are of splanchnic nerve 
origin. Spread of stimulating current along the nerve to adjacent structures 
and secondary effects of reflex movements of the animal have been ruled out 
experimentally. This distribution of the projection areas has been confirmed in 
one dog under chloralose-nembutal anaesthesia. 

Amassian (1950) in a preliminary report has also found that splanchnic 
afferent volleys activate parts of the contralateral I and II and ipsilateral II 
trunk sensory areas. This author mapped the cortex in the cat and monkey. 
Amassian also finds that the ipsilateral II responses have a longer latency than 
the others, and he has correlated the differences in central conduction time 
with double central pathways. Apparently impulses may ascend via fibres in 
the anterolateral regions of the cord and via dorsal column pathways. From 
conduction velocity, Amassian deduces that the dorsal column fibres at least 
may represent Pacinian corpuscle afferents. The present writer has found that 
these differences of latency are obtained also for afferent impulses evoked in 
nerves of the body wall. Further, the distribution of the active areas is the 
same for splanchnic and somatic afferents. It may well be, then, that the 
responses signal no more than the activation of afferent fibres associated with 
pressure or other tactile receptors. Although the relevant fibres extend out 
into the mesenteric neurovascular bundles near the intestine, it must be re- 
membered that, in the cat particularly, Pacinian corpuscles are widely scattered 
and abundant in the mesentery. A critical search for intestinal afferents pro- 
jecting to the centre was not attempted in the series of experiments. Single 
shocks applied to the intestine itself were not effective, but they may not be 
suitable stimuli in this situation where the currents will be shunted by the mass 
of intestinal tissue. | 

Rasmussen & Penfield (1947) place the area associated with abdominal 
sensation in man at the lower end of the somato-sensory area, as an extension 
of the classical cortical map. The area of splanchnic representation determined 
experimentally lies in a position equivalent to that described by Rasmussen & 
Penfield, that is, below the face area of the primary somato-sensory area. The 
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splanchnic representation in a region below the area associated with the rest 
of the body could therefore be looked upon simply as a downward extension 
of the ‘classical’ sensory map. The findings of both contralateral and ipsilateral 
projections which coincide well with the newer divisions of the sensory cortex 
suggest, however, that any further findings will have to be related to the newer 
concepts. 


SUMMARY 


1. In the anaesthetized cat and dog centripetal stimulation of the splanchnic 
nerve evoked cerebral potentiai changes. 

2. The projection areas lie within the trunk areas of somatic sensory areas 
contralateral I and contralateral and ipsilateral II, as defined by Woolsey 
(1946). 

3. The distribution and latency of the responses elicited by centripetal 
stimulation of splanchnic and body-wall nerves are similar. The activity in the 
ipsilateral II area occurred later than the activity in the contralateral areas. 


Part of the apparatus was purchased with a grant from the Central Research Fund of the Univer- 
sity of London. I am indebted to Dr J. A. B. Gray of the National Institute for Medical Research, 
London, for the loan of an electrode holder, and to Mr Styles of the Electrotherapy Department, 

St Thomas’s Hospital, London, for the design of the amplifier system. 
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REFLEX BRONCHOMOTOR RESPONSES TO STIMULATION 
OF RECEPTORS IN THE REGIONS OF THE CAROTID 
SINUS AND ARCH OF THE AORTA IN THE DOG AND CAT 


By M. pz BURGH DALY AND A. SCHWEITZER 
From the Department of Physiology, University College, London 
(Received 11 August 1950) 


It has been shown by many authors (Hering, 1927; Koch, 1931; Heymans, 
Bouckaert & Regniers, 1933; Schweitzer, 1937) that stimulation of the baro- 
receptors, by raising the pressure in the carotid sinus, causes, reflexly, a fall of 
blood pressure and a diminution of heart rate. The latter effect is brought about 
by an increase of vagal tone. 

Other reflex effects have also been described. Schweitzer (1934) found that 
stimulation of the baroreceptors by raising the intrasinusal pressure in the dog 
produced an increase in tone and motility of the stomach. In the rabbit, 
bilateral carotid occlusion causes inhibition of motility of the small intestine 
(Kisch, 1931), whereas stimulation of the aortic nerve causes an increase of 
peristalsis (Bayliss, 1893). Koch (1932) has described reflex pupillary con- 
striction on stimulation of the baroreceptors. 

These experiments indicate that baroreceptor stimulation causes not only 
a generalized increase in vagal tone, but also an increase in activity throughout 
the parasympathetic system (Heymans et al. 1933; Schweitzer, 1937). 

Since the bronchial musculature is also innervated by the vagus nerves 
(Einthoven, 1892; Dixon & Brodie, 1903; Dixon & Ransom, 1912) it might be 
expected that reflex changes in bronchial calibre would be brought about by 
altering the intrasinusal pressure. Houssay & Orias (1934a, ö) investigated 
such reflexes and found that electrical stimulation of the carotid sinus nerve in 
dogs caused slight bronchoconstriction or occasionally bronchodilatation, 
whereas raising the intrasinusal pressure had little or no effect. They concluded 
that whereas it is easy to produce cardiovascular reflexes from the carotid sinus, 
it is difficult to elicit bronchomotor responses, and that, when they do occur, 
they are very weak. 

Their method of measuring bronchomotor effects (Jackson, 1917) is open to 


the criticism that not only are changes in lung volume being recorded, but also 
concomitant changes in volume of other intrathoracic viscera. 
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This problem has therefore been investigated in cats and in dogs, and extended 
to include a study of the reflexes initiated from the receptors in the region of the 
arch of the aorta. Some of our observations have been reported (Daly & 
Schweitzer, 1951). 


METHODS 


Dogs, varying in weight from 2-7 to 8-0 kg., and cats, from 1-8 to 4-4 kg., were used in these experi- 
ments. The animals were anaesthetized with either chloralose (0-08-0-11 g./kg. body weight, 
intravenously) or pentobarbitone sodium (nembutal) (35-45 mg./kg. body weight, intraperitoneally). 
In some experiments, cats were decerebrated_under ether anaesthesia. 

The carotid sinus nerve was prepared for stimulation using an approach similar to that described 
by Euler, Liljestrand & Zotterman (1939). The aortic nerves were isolated in the neck at the site 
of their junction with the superior laryngeal nerve and with the vagus. Small shielded platinum 
wire electrodes mounted in perspex were used for stimulation of these nerves. A square wave 
electronic stimulator which allowed independent control of the voltage, frequency and the pulse 
duration of the stimulus was used. 

In some dog experiments, the carotid sinus was isolated from the general circulation by ligating 
all branches of the common carotid artery and perfused with defibrinated ox blood by means 
of a Dale-Schuster pump (Dale & Schuster, 1928). The blood entered the sinus through a cannula 
in the common carotid artery and left through a cannula inserted into the external carotid artery. 
The outflow tube was fitted with a screw clip which allowed the resistance in the perfusion circuit 
to be altered. The pressure in the sinus was recorded from a mercury manometer connected to 
a side-arm of the inflow tubing. The blood was equilibrated with 95% O, and 5% CO, by means of 
a Hooker (1915) and Drinker et al. (1922) type of oxygenator in the perfusion circuit. 

An alternative method consisted of isolating the carotid sinus from the general circulation by 
ligating all branches of the common carotid artery and finally tying off the common carotid itself. 
A glass cannula was then introduced into the common carotid artery and connected to a bottle 
containing 0-9% sodium chloride solution, which allowed rapid changes in pressure to be effected 
(Moissejeff, 1926; Koch, 1931; Schweitzer, 1937). The pressure in the sinus was recorded from a 
manometer connected to the side-arm of the cannula. 

The chemoreceptors of the carotid body were stimulated by lobeline hydrochloride (E. Martin- 
dale) or sodium cyanide (B.D.H.) injected into the inflow tubing of the isolated perfused carotid 
sinus or injected via a cannula inserted into the superior thyroid artery. In the latter preparations 
the external carotid, internal carotid and sometimes the lingual arteries were ligated so that a high 
concentration of the drug would pass through the carotid body. The chemoreceptors of the aortic 
body were stimulated by these drugs injected via a catheter inserted into the left ventricle (Comroe, 
1939). The position of the catheter was verified by post-mortem examination. 

Bronchomotor effects were measured by recording with a small bell spirometer the volume of 
the tidal air of the animal under negative pressure ventilation with the chest of the animal opened 
in the mid-sternal line. The apparatus used was similar to that described by Daly & Mount (1951). 
Both phrenic nerves were cut so as to minimize the mechanical effects of diaphragmatic movements 
on the lungs. 

A certain degree of bronchial tone is necessary for the demonstration of bronchodilator responses 
(Dixon & Brodie, 1903). In most experiments, the tone was found to be adequate; in a few, how- 
ever, it was necessary to increase it artificially by the injection intravenously of eserine sulphate 
(B.D.H.), 0-1 mg./kg. 

Blood pressure was recorded from the femoral artery with a mercury manometer. Changes in 
heart rate were measured by the method described by Daly & Schweitzer (1950), using a Gaddum 
drop timer (Gaddum & Kwiatkowski, 1938). 

Heparin (Roche Products, Ltd.) was used as an anticoagulant in some experiments. Other drugs 
used in this investigation included: adrenaline chloride solution, 1 in 1000 with 0-5% chloretone 
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(Parke Davis and Co.), atropine sulphate (B. D. H.) and p-tubocurarine chloride (Burroughs 
Wellcome and Co.). 


RESULTS 
Electrical stimulation of the carotid sinus nerve 

Cats 

Pentobarbitone anaesthesia. Preliminary experiments made under nembutal 
anaesthesia showed that electrical stimulation of the carotid sinus nerve 
caused a fall of systemic blood pressure, cardiac slowing and changes in the 
calibre of the bronchi; in seven of eight experiments, bronchodilatation occurred, 
in the other, bronchoconstriction (Table 1). These responses also occurred in 
preparations in which the contralateral carotid sinus nerve had been cut. 


Tax I. The effect of the anaesthetic upon the initial bronchomotor 
response to carotid sinus nerve stimulation in cats 


Bronchomotor response 
Broncho- 
constriction 
No. of Broncho- Broncho- followed by 
constriction dilatation i 

Pentobarbitone 8 1 7 0 
Decerebrate 6 4 0 2 
Chloralose 5 4 1 0 


In five of the experiments in which bronchodilatation was observed, the 
effect of eserine was investigated. In two of them there was an increase in the 
response, while in three, the subsequent effect of stimulation of the sinus nerve 
was either unchanged or bronchoconstriction resulted. Fig. 1 is representative 
of this type of experiment and shows that carotid sinus nerve stimulation may 
cause either bronchoconstriction or bronchodilatation; the interval between the 
injection of eserine and the subsequent observations was approximately 24 hr. 
It is impossible to state in this instance whether the responses observed were 
conditioned by the preceding eserinization of the animal. However, in other 
experiments, similar results were obtained a few minutes after an intravenous 
injection of eserine. It will be noted that the last effect was produced by a 
stimulus of different frequency and pulse duration from the previous two, and 
it might be wondered whether the direction of the bronchomotor response 
is dependent upon the nature of the stimulus applied to the nerve. In several 
— carried out to elucidate this point, no such correlation has been 
ound. 

It must be pointed out that the apparently enhanced bronchodilator response 
observed in two experiments after eserine does not necessarily involve a choli- 
nergic mechanism. Dixon & Brodie (1903) found that in anaesthetized or decere- 
brate animals, there was little or no bronchial tone, and that bronchodilator 
responses could best be demonstrated by first increasing the tone artificially 
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by the injection of muscarine or pilocarpine. It is therefore possible that 
eserine, by increasing the initial bronchial tone, creates conditions favourable 
for the demonstration of the bronchodilator effects of subsequent carotid sinus 
nerve stimulations. 

Fig. 1 also shows that some of the blood pressure responses were of the same 
order of magnitude, so that the direction of the bronchomotor response is not 
in any way dependent upon this factor in this type of experiment. 


Fig. I. Cat, f, 3-4 kg. Pentobarbitone. Eserine 0-25 mg. at 12.05 p.m. 12.15 p.m., right carotid 
sinus nerve stimulation, 6V., 0-05 msec., 100 cyc./sec.; 12.17 p.m., right carotid sinus nerve 
stimulation, 6V., 0-02 msec., 100 cyc./sec.; 12.34 p.m., left carotid sinus nerve stimulation, 
4V., 0-05 msec., 100 cyc./sec.; 12.36 p. m., left carotid sinus nerve stimulation, 4 V., 0-05 msec., 
100 cyc./sec.; 12.39 p. m., left carotid sinus nerve stimulation, 5V., 0-1 msec., 70 cyc./sec. 

Records in this and in subsequent figs.: T. A. = tidal air volume (inspiration downwards); 


E.P.P.=extrapulmonary pressure; S. P. carotid sinus perfusion pressure; B.P.=systemic 
blood pressure; H.R. =heart rate. 


Decerebrate. Since carotid sinus nerve stimulation can cause either broncho- 
constriction or bronchodilatation, it was necessary to see whether the direction of 
the response depended upon the anaesthetic, as does the blood pressure response 
in cats (Neil, Redwood & Schweitzer, 1949a). Experiments were therefore 
made on decerebrate cats. In four preparations, carotid sinus nerve stimulation 
caused bronchoconstriction. The effects after giving eserine were either potentia- 
tion of the bronchoconstriction, bronchodilatation (Fig. 10), or a diphasic 
response—bronchoconstriction followed by bronchodilatation. All three types 


« 
* 
* 
7 
J 
4 
* 
| 
1 
i 
4 
§ 


446 M. DE BURGH DALY AND A. SCHWEITZER 


of response were seen in three of the experiments. In a further two experiments, 
the initial response to stimulation of the carotid sinus nerve was a diphasic one. 

Chloralose anaesthesia. In cats under chloralose anaesthesia, stimulation of 
the carotid sinus nerve caused bronchoconstriction in four of five experiments, 
and bronchodilatation in one (Table 1). 

It is apparent that in cats decerebrated or under chloralose anaesthesia, 
conditions favour bronchoconstrictor responses to carotid sinus nerve stimula- 
tion, whereas under pentobarbitone anaesthesia, bronchodilator responses 
predominate. There were opportunities, therefore, of investigating the nervous 
pathways through which these effects are mediated. 


— 


Fig. 2. Cat, 2, 2-3 kg. Chloralose. a, 6, ¢ and d, stimulations of right carotid sinus nerve, 8 V., 
0-1 msec., 100 cyc./sec. Between a and b, eserine 0-1 mg. Between c and d, atropine 0-5 mg. 
The extrapulmonary pressure was increased between b and c. 


Bronchoconstrictor responses. The bronchoconstrictor response is potentiated 
by eserine (five experiments) and abolished by atropine (four experiments) 
(Fig. 2). It is also abolished by section of both cervical vagus nerves. We 


therefore conclude that this type of response is mediated through the vagus 
nerves. 


Bronchodilator responses. Evidence as to the pathway through which the 
bronchodilator responses to carotid sinus nerve stimulation are mediated has 
been more difficult to obtain. Owing to the absence of any bronchial tone in 
some experiments, it had to be increased artificially by the injection of eserine. 
In several experiments, stimulation of the carotid sinus nerve caused a slight 
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bronchodilatation, but after eserine, the same stimulus produced either 
bronchodilatation or bronchoconstriction, although the tone had been in- 
creased. The probable explanation of this phenomenon is that eserine, although 
increasing the bronchial tone, also potentiates the bronchoconstrictor response ; 
the latter effect may be, under these experimental conditions, the more power- 
ful, and therefore mask the appearance of the bronchodilator effect. 

However, in four experiments in which consistent bronchodilator effects of 
carotid sinus nerve stimulation were obtained, the response in one of them was 
abolished by cutting the sympathetic supply to the lungs, involving section, on 
both sides, of the rami communicantes, 7, and Ti, and of the sympathetic chain 
immediately below T7. In this experiment, the animal was adrenalectomized, 
and therefore the initial bronchodilator responses could not have been due to 
the secretion of adrenaline, Although adrenaline can be secreted reflexly from 
the suprarenal medulla in response to a lowered intrasinusal pressure (Heymans, 
1929), and probably also in response to chemoreceptor stimulation (Gernandt, 
Liljestrand & Zotterman, 1946), the part it plays in these responses has not been 
determined. In the second experiment, sympathetic denervation of the lungs 
caused only a slight reduction in the bronchodilator response. It seemed 
unlikely that this was due to the secretion of adrenaline as there was a latent 
period of less than 5 sec. between the beginning of the stimulus and the onset 
of the response. This was confirmed in the third experiment in which the animal 
was adrenalectomized; the bronchodilator response in this case was unaffected 
by bilateral sympathetic denervation of the lungs. In one further experiment, 
sectioning the sympathetic nerves resulted in the bronchodilator response being 
converted to bronchoconstriction. 

We are, at present, unable to give any satisfactory explanation of these 
results. If the persistence of the bronchodilator responses after cutting the 
sympathetic nerves is due to a decrease in vagal tone, then it is difficult to 
correlate this with the fact that there was a concomitant fall of blood pressure 
and bradycardia. It may be that the reflex fall in systemic blood pressure, 
produced by carotid sinus nerve stimulation, decreased the vagal tone through 
an action on the baroreceptors which had not been denervated, viz. those in 
the arch of the aorta. Another possible explanation may be that the sym- 
pathetic denervation of the lungs was not complete, for it has been found that 
some fibres issue from the ganglia of the sympathetic chain (7,—7',) and 
proceed medially to the lung hilum (Ionescu & Enachescu, 1928). Although 
our experiments in dogs support the view that the bronchodilator response is 
mediated through the sympathetic system, further evidence must be obtained 
before a final interpretation of these results can be made. 
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in three dogs under chloralose anaesthesia, stimulation of the carotid sinus 
nerve invariably produced a fall of arterial blood pressure, bradycardia and 
bronchoconstriction. In one experiment bronchodilatation was observed, and 
in another, the effect was diphasic, bronchoconstriction followed by broncho- 
dilatation. These results confirm those of Houssay & Orias (1934 a, ö). | 

Similarly, stimulation of the carotid sinus nerve under pentobarbitone 
anaesthesia produced a fall of systemic blood pressure, bradycardia and 
bronchoconstriction. No evidence of bronchodilatation was observed, and in 
this respect, the results differ from those obtained in the cat. 


Fig. 3. Dog, &, 7°75 kg. Chloralose. Stimulation of the right carotid sinus nerve, 
4V., 0-5 msec., 50 cyc./sec., before and after eserine, 1-0 mg. 


No opportunity was available, therefore, for investigating the nervous path- 
way through which the bronchodilator response on sinus nerve stimulation is 
mediated ; some evidence on this point has been obtained using other techniques. 

The bronchoconstrictor response to stimulation of the carotid sinus nerve has 
been shown to be mediated through the vagus nerves. It is potentiated by 
eserine (Fig. 3), abolished by atropine (two experiments) and also abolished by 
section of both cervical vagosympathetic nerves. Further experiments have 
shown that these responses can occur in preparations in which the contralateral 
carotid sinus nerve has been sectioned. The experiment from which Fig. 3 is 
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taken is of particular interest. The reduction of the tidal air volume due to 
carotid sinus nerve stimulation was so great that the oxygen uptake by the 
animal had been hindered, as indicated by the upward slope of the limiting 
lines of the tidal air record. The gradual rise of blood pressure and slowing of 
the heart rate after the end of the stimulus was almost certainly due to asphyxia; 
this chemical stimulus to the chemoreceptors was, apparently, not of sufficient 
strength to elicit bronchodilatation against the artificial background of eserine 
(vide infra). This potentiating action of eserine may be, in part, of central origin. 
We have, at present, no evidence which would enable us to discriminate between 
the central and peripheral effects of this drug in respect of these responses. 


Electrical stimulation of the aortic nerve 
It is generally held that the carotid sinus and aortic nerves form a functional 


entity. Consequently, the effects of stimulation of the aortic nerves have been 
examined in cats and dogs. 


Cats 

Under chloralose or pentobarbitone anaesthesia, stimulation of the left or 
right aortic nerve caused a rise in systemic blood pressure (cf. Neil et al. 19490), 
and bronchoconstriction (three experiments). In one further.experiment under 
chloralose anaesthesia, however, bronchodilatation resulted. These responses 
can also occur in animals after denervation of both carotid sinuses. The broncho- 
constrictor response is still observed after section of the ipsilateral cervical 
vagus nerve at a level caudal to the electrode, so that it is not due to current 
spreading to the vagus nerve (Fig. 40). It also precludes the possibility that 
the bronchomotor responses, observed on aortic nerve stimulation, might have 
been caused by way of an axon reflex from fibres in the aortic nerve making 
connexion with efferent fibres of the vagus. The bronchoconstrictor response 
is potentiated by eserine and abolished by atropine (Fig. 4). It is also abolished 
by section of both cervical vagus nerves. 


Dogs : 
Similar results have been obtained in dogs under chloralose anaesthesia. 
‘Stimulation of the aortic nerve causes a fall in systemic blood pressure, brady- 
cardia and bronchoconstriction. The bronchoconstrictor response occurs after 
section of the ipsilateral cervical vagosympathetic nerve at a level caudal to the 
electrode. It is potentiated by eserine, and abolished by atropine and by section 
of both cervical vagosympathetic nerves. No bronchodilator responses have 
been observed. 

Since the aortic nerves in cats and dogs contain both chemo- and baro- 
receptor fibres, it might be expected that bronchoconstrictor and bronchodilator 
responses to stimulation of these nerves would be observed, similar to those on 
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carotid sinus nerve stimulation. In only one experiment, however, has a 
bronchodilator response to stimulation of the aortic nerve been obtained. 

It would appear, therefore, that of the two types of bronchomotor effects 
initiated on stimulation of either the carotid sinus or the aortic nerve, the 
bronchoconstrictor response predominates and tends to mask the broncho- 
dilator one. This is more evident in the dog than in the cat. 

It appeared to us that the most plausible explanation of the mechanism by 
which these bronchomotor responses are brought about would be as follows: 
It is generally accepted that stimulation of the baroreceptors in the carotid 
sinus causes a reflex fall of systemic blood pressure and bradycardia, the 


Fig. 4. Cat, 9, 2-6 kg. Chloralose. Stimulations of the left aortic nerve in d, 3-5V., 0-1 msec., 
50 cyc./sec., and at b, e and d, 4V., 0-1 msec., 50 cyc./sec. Between a and b, section of the left 


cervical vagus nerve caudal to the electrode. Between h and c, eserine, 0-1 mg. Between c and 
d, atropine, 1-0 mg. 


latter effect being due to an increase in vagal tone. On the other hand, 
stimulation of the chemoreceptors of the carotid body produces a reflex rise 
in blood pressure due to increased activity of the sympathetic system (Heymans, 
Bouckaert, Euler & Dautrebande, 1932; Bernthal, Motley, Schwind & Weeks, 
1945). 

The carotid sinus nerve is a mixed afferent nerve containing afferents from 
the baroreceptors of the carotid sinus and from the chemoreceptors of the 
carotid body. In our own experiments, therefore, it might be expected that 
stimulation of the baroreceptor fibres, by reflexly increasing vagal tone, would 
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cause bronchoconstriction, whereas stimulation of the chemoreceptor fibres, by 
reflexly decreasing vagal tone and increasing sympathetic tone, would cause 
bronchodilatation. The direction of the bronchomotor response elicited on 
stimulation of the carotid sinus nerve would therefore depend upon the con- 
ditions of the experiment existing at that time and the prepotence of the 
afferents stimulated. Subsequent experiments were therefore designed to test 
the validity of this hypothesis. 

It is apparent that complete analysis of these effects can only be made by 
initiating each type of response separately and without the interference of the 
other. 

Isolated perfused carotid sinus experiments 

The object of these experiments was to provide 
further evidence as to the role of the baroreceptors 
and chemoreceptors in the initiation of the 
bronchomotor responses observed on electrical 
stimulation of the carotid sinus and aortic nerves. 
For this purpose, two types of carotid sinus pre- 
paration have been used. 

The isolated carotid sinus was subjected to 
changes in static internal pressure (Moissejeff, 
1926; Koch, 1931; Schweitzer, 1937). Dogs under 
chloralose anaesthesia were used. It was found 
that sudden raising of the pressure from 65 to 
180 mm. Hg caused a lowering of the systemic 
blood pressure, a diminution of heart rate and 
bronchoconstriction (Fig. 5). No bronchodilator 
responses were observed in these experiments. 

Isolated carotid sinus preparations were per- 
fused by means of a Dale-Schuster pump with 
defibrinated ox blood. Experiments under these 
conditions confirmed the results obtained by the 
first method, viz. a rise in intrasinusal pressure 
caused a fall in blood pressure, usually brady- 
cardia, and bronchoconstriction (Fig. 6a). Again, 
in no instance was a bronchodilator response 
observed on stimulation of the baroreceptors. Then. 8. Dog, 9, 5-0 kg. Chloralose. 
bronchoconstriction is still apparent after de- Isolated right carotid sinus pre- 
nervation of the contralateral carotid sinus, and paration. Effect of altering the 
may in some instances be increased. This is prob- intraainusal pressure (non-pul- 
ably due to the loss of the buffering action . 
following denervation of the contralateral carotid sinus. The results of Houssay 
& Orias (1934a, ö) who found no bronchomotor effect upon raising the intra- 
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sinusal pressure in pulsatile perfused carotid sinus preparations cannot therefore 
be confirmed. 

Stimulation of chemoreceptors of the carotid body. The chemoreceptors have 
been stimulated by the injection of lobeline hydrochloride or sodium cyanide 
into the inflow tubing of isolated perfused carotid sinus preparations. Fig. 6 is 
taken from one such experiment. It shows that the injection of lobeline causes 
bronchodilatation, whether the intrasinusal pressure is high (6) or low (c). 
Other experiments have shown that this response can occur in adrenalectomized 
preparations. It is therefore not due to a reflex secretion of adrenaline acting 


Fig. 6. Dog, 2, 7-0 kg. Chloralose. Left common carotid ligated. Perfusion of right carotid sinus. 
E serine, 0-2 mg. a, effect of altering the intrasinusal pressure; h and c, lobeline, 3 mg., injected 
into perfusion inflow tubing at arrow + ; d, lobeline, 3 mg., intravenously. 


directly on the bronchial musculature. The intravenous injection of lobeline (d) 
causes bronchoconstriction followed by bronchodilatation. It also causes 
slowing of the heart rate. The analysis of this response is difficult, for lobeline 
has nicotine-like actions, and the initial bronch iction is therefore 
probably due to stimulation of the vagal ganglia and the vagal centres. The 
bronchodilator phase may be due, in part, to stimulation of the chemoreceptors 
of the aortic bodies, stimulation of the sympathetic ganglia and to a decrease 
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of peripheral vagal action. With regard to the last effect, Bjorkman (1926) has 
shown that the excitability of the bronchial muscle to parasympathomimetic 
drugs is decreased by lobeline. These effects are apart from any which lobeline 
may exert on the bronchial musculature itself. 

The mechanisms, however, which might have operated after an intravenous 
injection of the drug, could not have been the cause of bronchodilatation 
observed in these experiments where lobeline was injected into the carotid 
sinus isolated from the general circulation. 

These experiments show, therefore, that stimulation of the baroreceptors by 
increasing the intrasinusal pressure causes bronchoconstriction, whereas the 
injection of lobeline, which specifically stimulates chemoreceptors (Zotterman, 
1944), causes bronchodilatation. These results give strong support to our 
hypothesis and, moreover, account for the fact that stimulation of the carotid 
sinus nerve containing afferent fibres serving two functions can produce either 
bronchoconstriction or bronchodilatation. 

Several points emerge from these experiments which are worthy of note. Acom- 
parison of the bronchomotor responses in experiments involving stimulation of 
the carotid sinus nerve in dogs and cats showed that in both species, broncho- 
constriction was more readily obtained than bronchodilatation. This may, in part, 
be due to the fact that the bronchoconstrictor reflex (as it has been shown to be) 
is prepotent to the bronchodilator, or that in a majority of the experiments, 
there was little bronchial tone. Furthermore, the responses in dogs were usually 
less clear and less well maintained than those in cats. A similar state of affairs 
has been found when, by means of isolated perfused carotid sinus preparations, 
the responses are initiated by altering the intrasinusal pressure or by stimulating 
the chemoreceptors. Again, the bronchodilator response is the more difficul 
to elicit. 

In dogs, it was found that the factor contributing most to the falling off of the 
bronchoconstrictor response was the presence of lobeline in the perfusion 
system. The usual routine in our experiments was to observe the effects of 
altering the intrasinusal pressure alternately with those of stimulating the 
chemoreceptors with lobeline. It was noticed that, once lobeline had been 
injected, the bronchoconstriction, fall of blood pressure and cardiac slowing 
produced on raising the intrasinusal pressure, gradually fell off and finally 
disappeared. The responses were diminished when the concentration of lobeline 
was 1 in 160,000 and abolished with concentrations of 1 in 40,000. A possible 
explanation of this phenomenon would be that the abolition of the responses 
to a rise in intrasinusal pressure was merely due to loss of sensitivity of the 
baroreceptors. It occurred, however, only in experiments in which lobeline was 
used; in those in which it was not used, the blood pressure responses remained 
unchanged, although the bronchomotor effects did diminish to some extent 

throughout the course of the experiment. These results confirm those of Euler 
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et al. (1941) who found that, in cats, lobeline injected into isolated. perfused 
carotid sinus preparations in concentrations up to 1 in 200,000 caused in- 
significant changes in the reaction of the. blood pressure to alterations in the 
intrasinusal pressure ; in concentrations of 1 in 50,000, the reactions diminished 
and finally disappeared. They attributed these results to a direct paralysing 
action of lobeline on the baroreceptors. 

The demonstration of bronchodilator responses on stimulation of the chemo- 
receptors has proved more difficult. These responses depend essentially on an 
adequate degree of bronchial tone. This had to be increased artificially in many 
experiments by injecting eserine intravenously, and even then the increase in 
bronchial tone was often small, while in other experiments the drug was 
ineffective. 

Another method of stimulating the carotid chemoreceptors has been used in 
this investigation’ Lobeline or sodium cyanide has been injected through a 
cannula inserted into the superior thyroid artery. The internal carotid, external 
carotid and occasionally the lingual arteries were ligated so that most of the 
injected drug passed through the occipital artery from which the carotid body 

takes its main blood supply (Comroe & Schmidt, 1938). 

When using lobeline as the stimulant, the usual response was broncho- 
constriction. In some experiments, however, a small bronchodilatation followed 
by severe bronchoconstriction with concomitant cardiac slowing was observed. 
From the results obtained in isolated perfused carotid sinus experiments, it 
would appear probable that lobeline, by stimulating the carotid body, caused 
bronchodilatation, but that when it entered the general circulation, its stimula- 
tion of the vagal ganglia produced bronchoconstriction. These findings are in 
agreement with those already described following intravenous injection of the 
drug. Such side effects as these ruled out any possibility of obtaining consistent 
results with this drug. 

Sodium cyanide injected into the superior thyroid artery has given more 
consistent results. It causes initial bronchoconstriction followed by broncho- 
dilatation with concomitant rise in systemic blood pressure (Fig. 7a). After 
section of the ipsilateral carotid sinus nerve, the same dose of sodium cyanide 
caused only slight bronchoconstriction and a smaller rise in blood pressure (5). 
The injection of adrenaline intravenously (c) caused bronchodilatation, showing 
that bronchial tone was still present. 

This experiment illustrates yet another difficulty when attempting to elicit 
bronchodilator responses from the chemoreceptors, for the concomitant rise in 
blood pressure itself stimulates the baroreceptors, thereby causing broncho- 
constriction. Therefore, the ultimate direction of the bronchomot response in 
these experiments depends essentially on the magnitude of the stimulus applied 
to the chemoreceptors and the degree of rise in blood pressure produced. In 
the experiment from which Fig. 7 is taken, the contralateral carotid sinus was 
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not denervated, and it is probable that some of the injected sodium cyanide 
entered that sinus by passing retrogradely down the ipsilateral common 
carotid artery in which the blood stream had been greatly slowed by ligation 
of its major branches. This would account for the persistence of the blood 
pressure response after denervation of the ipsilateral carotid sinus (b). We 
interpret the slight bronchoconstrictor response as being due to this rise in 
blood pressure. This contention is supported by the coincidence of the hyper- 


Fig. 7. Dog, 2 3-7 kg. Chloralose. External carotid, lingual and internal carotid arteries ligated on 
right side. a and b, sodium cyanide, 0-5 mg. in 0-5 c. e., injected into right superior thyroid 
artery; between a and b, right carotid sinus nerve divided; e, adrenaline, 10 yg., intravenously. 


tensive effect of the drug and the bronchoconstrictor mapas which is evident 
on analysis of the records. 

It is therefore apparent that, in order to eliminate secondary effects from the 
action of the injected drug, the use of the isolated perfused sinus is the pre- 
paration of choice for eliciting bronchomotor responses from the carotid body. 
But even with this preparation, secondary effects on the bronchi due to the 
concomitant rise in systemic blood pressure can only be eliminated by sectioning 
the remaining three buffer nerves, unless a blood pressure compensating device 
is used. 
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Stimulation of aortic chemoreceptors by intraventricular 
injection of lobeline or sodium cyanide 
Stimulation of the aortic nerve has been shown to cause bronchoconstriction 
or occasionally bronchodilatation. As the bronchodilator effects of carotid 
sinus nerve stimulation are due to stimulation of the chemoreceptor fibres, it 


might be expected that specific stimulation of the aortic chemoreceptors would 
cause a similar effect. Our results support this view. 


Fig. 8. Dog, 3, 3:2 kg. Chloralose. Both carotid sinus nerves cut. Intraventricular injections of 
sodium cyanide, 0-025 mg., before (1) and after (2) the intraventricular injection of acetic acid, 
1 c.c. 0-5 x; (3), atropine, 1-0 mg., intravenously. 


In these experiments, the aortic chemoreceptors have been stimulated by 
the intraventricular injection of sodium cyanide (Comroe, 1939; Gernandt, 
1946). The injections were made into the left ventricle through a catheter 
inserted via the left common carotid artery, the tip of the catheter being pushed 
through the aortic valve. Before the introduction of the catheter both carotid 
sinuses were denervated. 

As Fig. 8 (1) shows, the intraventricular injection of sodium cyanide causes 
a rise in systemic blood pressure (confirming Comroe, 1939; Gernandt, 1946), 
and bronchodilatation. After inactivation of the chemoreceptors by the in- 
traventricular injection of acetic acid, a second injection of sodium cyanide had 
no effect on the bronchi (2). It might be argued that the absence of a response 
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was due to there being little or no bronchial tone. This was not so, since a 
subsequent intravenous injection of atropine caused bronchodilatation (3). 

These results could also be criticized on the grounds that the observed 
bronchodilatation was due to a direct action of sodium cyanide on the bronchi. 
This is improbable, for intra-aortic injection of the same dose of sodium 
cyanide, which does not produce stimulation of the aortic chemoreceptors 
(Comroe, 1939; Gernandt, 1946), produced no bronchomotor effect. It is 
therefore concluded that, as with stimulation of the carotid body, stimulation 
of the aortic chemoreceptors causes bronchodilatation. 


Fig. 9. Dog, 2, 3-0 kg. Chloralose. Both carotid sinus nerves cut. Eserine, 0-3 mg. Intra ventricular 
injections of sodium cyanide at a, 0-025 mg., and at 6 and c, 0-05 mg.; between h and c, sympa- 
thetic nerve supply to lungs cut on both sides; d, atropine 1-0 mg., intravenously. 


In experiments involving stimulation of the carotid sinus nerve, evidence 
was obtained that the bronchodilator responses were partly or wholly mediated 
through the sympathetic system. The results obtained on stimulating the aortic 
chemoreceptors have given added weight to this view. 

In one experiment (Fig. 9), the aortic chemoreceptors were stimulated by the 
intra-ventricular injection of sodium cyanide. A bronchodilatation resulted 
which disappeared after bilateral section of the sympathetic nerves innervating 
the lung. The subsequent intravenous injection of atropine caused initial 
bronchoconstriction followed by bronchodilatation and resulted in a tidal air 
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420% greater than its original volume, showing that a considerable degree of tone 
had existed. A possible explanation of the initial bronchoconstrictor response 
after the atropine injection is that it was due to a direct stimulating effect on 
the vagal nuclei. 

Although lobeline has been used to stimulate the aortic chemoreceptors by 
Comroe’s method, the experiments were unsatisfactory. This was due to the fact 
that lobeline invariably produced bronchoconstriction and bradycardia, 
probably by stimulating the vagal ganglia, and so masked any bronchodilator 
effect which might have been present. | 


Fig. 10. Cat, 3 2·1 kg. Decerebrate. p-tubocurarine chloride, 1-0 mg.; eserine, 0-25 we; stimula- 
tion of right. carotid sinus nerve, 6V., 0-1 msec., 100 cyc./sec., at signals. Note variations in 
tidal air volume coincident with the Mayer waves in the blood pressure. 


It has been reported recently (Dawes, 1947; Aviado, Pontius & Schmidt, 
1949) that there are present veratridine sensitive receptors in the pulmonary 
vascular bed and in the distribution of the coronary arteries. In our own 
experiments, therefore, it is possible that such receptors supplied by the 
coronary arteries were also stimulated, but no attempt has been made to dis- 
tinguish the effects of their stimulation from those of stimulation of the aortic 
e a een cyanide injected into the arch of the aorta causes no 
ronchomotor effect, it seems unlikely that the pulmo 
part in the effects observed by us. 
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Rhythmical variations in tidal air volume. The causes of certain rhythmical 
changes in lung volume and in tidal air volume under conditions of artificial 
respiration have been previously described (Dixon & Brodie; 1903; Daly, 1938). 
During this investigation, variations in tidal air volume have been observed 
on a few occasions in both cats and dogs. These usually occurred when the 
general condition of the animal was poor, and were accompanied by Mayer 
waves in the blood pressure and also by periodic changes in heart rate. A record 
from such an experiment is shown in Fig. 10. It will be noted that the periodic 
increase in the tidal air volume coincided with the ascending phase of the Mayer 
waves in the blood pressure. Such changes could not have been caused by 
mechanical effects due to movements of the diaphragm or the thorax, for the 
animal was fully curarized, and the absence of such movements was noted at 
the time. Andersson, Kenney & Neil (1950) have suggested that Mayer waves 
are due to rhythmic excitation of the chemoreceptor mechanism. Since our 
experiments have shown that chemoreceptor stimulation causes bronchodilata- 
tion, it would appear probable that the observed periodic fluctuations in tidal 
air volume, coincident with the Mayer waves, would also be due to such a 
mechanism. No experiments have as yet been made to test the validity of this 
view. 

DISCUSSION 

We have shown that electrical stimulation of the carotid sinus and aortic nerves 
cause bronchoconstriction or bronchodilatation. These nerve trunks in the dog 
and cat contain afferent fibres from both baroreceptor and chemoreceptor 
regions of the carotid bifurcation and arch of the aorta. The difficulties en- 
countered in the study of reflex actions following stimulation of mixed afferent 
nerves were well recognized by Sherrington: ‘The laboratory usage for obtaining 
reflexes is often direct stimulation of bared afferent nerves, a plan which 
eschews selective excitation of specific receptors and precise knowledge of the 
receptive field, and thus renounces serviceable guides to the functional purpose 
of the reflex.’ He further points out that each afferent nerve presents a dominant 
reflex and that the reaction when the nerve is stimulated may obscure others 
concomitantly excited (Creed, Denny-Brown, Eccles, Liddell & Sherrington, 
1932). These conclusions, based on the study of somatic reflex arcs, may well 
be applied to our present investigation. 

The results of an analysis of our observations by means of isolated perfused 
carotid sinus experiments, have shown that stimulation of the baroreceptors 
causes reflex bronchoconstriction which is mediated through the vagus nerves. 
Chemoreceptor stimulation causes a reflex bronchodilatation which occurs also 
in adrenalectomized preparations and appears, partly or wholly, to be mediated 
through the sympathetic nerves innervating the lungs. Our experiments show 
moreover that the bronchomotor responses to stimulation of the carotid sinus 
and aortic nerves are abolished by section of the efferent nerves supplying the 
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bronchial musculature. When the baroreceptors and chemoreceptors are 
stimulated, with the carotid sinus isolated from the general circulation, the 
bronchomotor effects are abolished by inactivation of the receptors and by 
section of the carotid sinus nerve. Similarly, the effects of stimulation of the 
aortic chemoreceptors are abolished by their inactivation. These results show 
that the observed bronchomotor phenomena are beyond doubt reflex in nature. 

Our interpretation of these results may be criticized on the grounds that the 
observed changes in tidal air volume may be complicated by concomitant 
changes in pulmonary vasomotor activity. Using the perfused left lung pre- 
paration (Daly & Duke, 1948) to study the reflex pulmonary vasomotor re- 
actions in response to sino-aortic nerve stimulation, we have shown that, 
under negative pressure ventilation, pulmonary arterial pressure changes may 
occur in the absence of changes in tidal air volume; these experiments are 
being made the subject of a separate communication by us. The reflexes acting 
on the pulmonary circulation and on the ventilation can therefore be regarded 
as independent of one another; Konzett & Hebb (1949) arrived at a similar 
conclusion on the basis of pharmacological experiments. 

The bronchomotor responses which we have observed must introduce a 
complicating factor into any experiments designed to study the effect of respired 
mixtures of gases on the bronchial musculature. For gas mixtures containing 
excess carbon dioxide or little oxygen may not only influence the bronchial 
calibre directly (Lohr, 1924; Nisell, 1950), but also exert their effects by an 
action on the vagal nuclei (Einthoven, 1892; Dixon & Brodie, 1903). Moreover, 
as our own experiments have shown, stimulation of the baroreceptors causes 
reflex bronchoconstriction. Therefore, any alteration in blood pressure resulting 
from inhalation of such gas mixtures might in itself produce secondary broncho- 
motor effects. Some of the older observations quoted above will therefore have 
to be reconsidered in the light of our results. 

The existence of such a powerful reflex causing bronchoconstriction in 
animals appears to us to justify speculation as to whether a similar mechanism 
may not be active under certain conditions in man. We refer in particular to 
certain forms of paroxysmal dyspnoea due to bronchospasm. It seems remark- 
able that in certain subjects, an attack of asthma should be precipitated by an 
emotional stimulus, which might reasonably be expected to be accompanied by 
a general increase in sympathetic activity, together with the secretion of 
adrenaline. Of the many causes of asthma which have been postulated, most are 
supposed to involve the parasympathetic system since stimulation of the 
vagus nerve causes bronchoconstriction (Longet, 1842; Dixon & Brodie, 1903; 
Dixon & Ransom, 1912). 

Our experiments have clearly demonstrated that stimulation of the baro- 
receptors of the carotid sinus by a rise of intrasinusal pressure causes reflex 
bronchoconstriction. We suggest, therefore, that this reflex may exist in man; 
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thus a rise of systemic blood pressure, produced by general sympathetic activity 
on receipt of an emotional stimulus, could activate the baroreceptors and so 
cause reflex bronchospasm, in spite of the potential direct bronchodilator effect 
of the adrenaline released. 

Subjects receiving intravenous infusions of adrenaline (5-20 fg. / min.) 
frequently suffer, in the initial stages, a considerable respiratory distress which 
is usually described as a sensation of tightness in the chest (Barcroft, 1950). 
These symptoms appear to be related to the rise in systemic blood pressure. 
‘In the light of-our observations, it might be reasonable to suggest that this 
respiratory distress is due to a sino-aortic bronchoconstrictor reflex. The 
eventual disappearance of these disturbances could be explained by the direct 
dilator effect which a mounting concentration of adrenaline i in the blood would 
exert on the bronchi. 


SUMMARY 


1. Electrical stimulation of the carotid sinus nerve in dogs and cats causes 
bronchoconstriction or bronchodilatation. 

2. The bronchoconstrictor responses are potentiated by eserine ona abolished 
by atropine. They are also abolished by section of both cervical vagosympathetic 
nerves in the dog or of both cervical vagus nerves in the cat. 

3. The bronchodilator responses to carotid sinus nerve stimulation occur in 
bilaterally adrenalectomized animals and are either diminished, abolished or 
reversed to bronchoconstriction on sectioning the sympathetic nerves in- 
nervating the lungs. 

4. An analysis of these bronchomotor responses by means of isolated perfused 
carotid sinus experiments shows that a rise of intrasinusal pressure causes only 
bronchoconstriction and that stimulation of the chemoreceptors by lobeline or 
sodium cyanide causes bronchodilatation. 

5. Stimulation of the carotid body by injection of sodium cyanide into the 
common carotid artery causes a bronchodilatation which is abolished by section 
of the ipsilateral carotid sinus nerve. 

6. Stimulation of the aortic bodies causes bronchodilatation which is 
abolished by inactivation of these chemoreceptors or by section of the 
sympathetic nerves innervating the lungs. 

7. These bronchomotor effects are reflex in nature. 


One of us (M. de B. D.) wishes to express his thanks to the Medical Research Council for a grant 
defraying the expenses of this work. 
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The fact that large numbers of muscle spindles are present in the extrinsic eye 
muscles of the goat and sheep led us to attempt to record the afferent impulses 
from these organs in a branch of the oculomotor nerve. 

It is widely believed that mammalian eye muscles are devoid of muscle 
spindles, but Cooper & Daniel (1949) reported the finding of upwards of forty- 
seven muscle spindles in a single human extrinsic eye muscle and comparable 
numbers in all the other five extra-ocular muscles“. They reviewed some of the 
literature, both histological and physiological, on the extrinsic eye muscles of 
mammals, and in the course of comparative studies, they confirmed the finding 
of Cilimbaris (1910) that muscle spindles are present in the extrinsic eye 
muscles of the sheep and also the goat. 

A number of workers have studied the histology of the extrinsic eye muscles 
of the common laboratory animals but muscle spindles have not been found 
in them. Cooper & Daniel (1949) confirmed that spindles are not present in the 
eye muscles of the rabbit, cat, dog and rhesus monkey. However, Sherrington 
(1897) had demonstrated reflex effects from pulling gently on the inferior 
oblique muscle of monkeys and cats, and Tozer & Sherrington (1910) showed 
that many endings of tendon organ type are present in the eye muscles of these 
animals, These observations have been overlooked by many investigators; 
de Maré (1928) failed to elicit reflex effects from the eye muscles of rabbits, 
McCouch & Adler (1932) from those of the cat and Irvine & Ludvigh (1936) 
from human eye muscles. Corbin & Harrison (1940) state that stretching the 
eye muscles of the cat gave no sensory potentials in the appropriate nerves, 
and McIntyre (1941) failed to record afferent impulses in the oculomotor nerves 
of the cat and monkey. 


* These findings were demonstrated at the XVIIth International Physiological Congress in 
Oxford in 1947. 
PH. 30 
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It is known from previous work on the cat (Denny-Brown, 1929; Cooper & 
Eccles, 1930; Brown & Harvey, 1941) that the extrinsic eye muscles have very 
brief time relations, the rising phase of the twitch, or contraction time, lasting 
7-15 msec. and a stimulus frequency of about 350 shocks/sec. being needed for 
a fused tetanus. During reflex contractions of the extrinsic eye muscles, initiated 
by neck movements, a rate of motor discharge in individual motor units much 
higher than that found in limb muscles has been recorded by Reid (1949). The 
mechanical responses of the cat’s eye muscles are also very small and not easy 
to record. All these features make work on cat’s eye muscles peculiarly difficult. 

Goats and sheep not only provide us with eye muscles that are rich in muscle 
spindles, which might be expected to behave as do the muscle spindles of other 
somatic muscles as recorded by Matthews (1931 a, b, 1933), but these animals 
also have muscles and nerves which are much larger than those of the ordinary 
laboratory animals and they thus present a less difficult experimental problem. 


METHODS 


Young goats and sheep weighing between 10 and 20 kg. were anaesthetized with intra-peritoneal 
pentobarbitone in a dosage of 7 mg./kg. A venous cannula was inserted and further doses were 
given about every half-hour. A tracheal cannula was also inserted. (Profuse salivation in goats 
and sheep is a troublesome complication.) An infero-lateral approach to the orbit was used, which 
involved removing the zygoma and much of the inferior wall of the orbit. The coronoid process of 
the mandible was also removed. The nerve to the inferior oblique muscle was found as it ran on the 
lateral edge of the inferior rectus muscle. It was followed, as far as possible, towards the apex of 
the orbit and cut where it wound over the inferior rectus on to ite superior surface. This gave a 
length of about 2 cm. of nerve with which to work. The nerve enters the inferior oblique muscle on 
its posterior edge at the junction of its middle and distal thirds. At this point many blood vessels 
also enter the muscle and therefore no attempt was made to clean the nerve in this region. The 
muscle was detached from the sclera at its insertion and the eye was usually eviscerated in order 
to give more room in the orbit. A myograph was attached to a semicircular aluminium band whose 
ends gripped the upper margins of both orbits. The myograph consisted of flat spring leaves of 
Perspex or celluloid clamped at one end and with the free end attached to the tendon of the in- 
ferior oblique muscle by stout thread or wire. The flat spring leaves were painted with aquadag in 
acetone and varnished with Perspex solution, thus making semiquantitative strain gauges, with 
a natural period of 130 cyc./sec. A small aneroid capsule was fixed beneath the strain gauge near 
the clamped end. Inflation of the capsule rapidly stretched the muscle about 2-0 mm. With stiff 
strain gauges there was a nearly linear relationship between the pressure in the capsule and the 
stretch applied to the muscle. In later experiments, movement was signalled by the change in 
capacity between a fixed plate and a plate carried on the muscle lever, and recorded by the 
oscillator and amplifier described by Dickinson (1950). Stimulating electrodes were applied to the 
nerve close to the muscle, whilst leading electrodes were applied to a slip of the nerve cut from the 
side of its proximal end and then cut down until a recognizable number of units were present, or 
sometimes until a single unit only was present. 

When an active contraction was evoked the stimulus escape from electrodes a few mm. from the 
leading electrodes was considerable. In addition, a maximal nerve volley was set up. To shorten 
the effect of the stimulus escape 0-005 uF. coupling condensers were used throughout the amplifier 
(cf. Matthews, 1933), and occasionally the balanced-bridge method described by Blair & Erlanger 
(1933) was found to be very valuable. Owing to the short twitch duration it was necessary for the 
amplifier to have recovered from the stimulus in from 1-0 to 2-0 msec. Stimuli of approximately 
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100 psec. duration were derived from the condenser discharges set up by a Schmitt trigger working 
from the time base. The arrangement used was designed by Dr G. Dawson. Recording was by a 
double-beam cathode-ray oscillograph and camera in the usual way. The strain gauge had a resis- 
tance of about 100,000 ©. Its resistance changes were converted to voltage fluctuations by putting 
a 40 V. source and j Mf). resistance in series with it. The voltage fluctuations across the } MQ. 
resistance were amplified by a resistance capacity coupled amplifier, of time constant 2-0 sec., and 
only rapid changes therefore could be measured. No appreciable error was introduced into the 
records of the time relations of these twitches. 


RESULTS 


When the nerve to the inferior oblique muscle was cut down and a slip put on 
the leading electrodes, it was found that there was a considerable continuous 
afferent discharge from the muscle. After further subdivision of the nerve, 
impulses were usually recorded which were considered to come from single 
nerve fibres on the usual criteria, namely that the action potentials were of 
constant height and formed part of a regular rhythmic series. The rate of the 
resting discharge from a single unit varied from 10 to 100 impulses/sec. A 
stretch applied to the muscle produced rapid acceleration of the impulses, and 
usually, but not invariably, no new units were brought in. 


Text-fig. 1. Records of afferent impulses from a unit during passive stretch of the inferior oblique 
muscle of a goat. The initial tension of the muscle was low, but the unit showed a resting 
discharge. Stretching the muscle produced a short burst of impulses at a high frequency ; the 
discharge then settled to a slower steady rate whilst the stretch was maintained. On relaxation 
there was a pause in the discharge followed by a return to the resting rate. (a) weak stretch, 
0-6 mm.; (6) slightly greater stretch, 0-85 mm. Above: time d sec.; below: stretch signalled 
by pressure in aneroid capsule. 


Impulses at a regular rate continued whilst the stretch was maintained. 
Adaptation occurred very slowly; e.g. in one case the rate of discharge during 
a stretch continued at a rate of 65 impulses/sec. over a period of 5-5 sec. The 
rate of discharge diminished as soon as the tension was released, and dropped 
to the original resting level almost at once when the muscle had been under 
moderate resting tension, or it might drop below the resting level for 0-1 to 
0-2 sec. if the resting tension had been very low. Records of impulses from a 
single unit in the goat are shown in Text-fig. 1 4, ö. The sensory ending was 
giving a regular resting discharge of about 20 impulses/sec. When a weak 
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stretch was applied, Text-fig. 1a, the rate rose at once to about 60 impulses/sec. 
After a short burst at this speed the rate of discharge settled to approximately 
35 per sec. This rate was maintained throughout the period of stretching, 
but showed a slight falling off due to slow adaptation. When the stretch was 
released impulses stopped immediately for 0-1 sec. and then built up again to 
the resting discharge. Text-fig. 15 shows a similar general picture when the 
muscle was more strongly stretched. 


* 


Text-fig. 2. Afferent impulses from one large unit and two or more small units during passive 
stretch of the inferior oblique muscle of a lamb. The initial tension of the muscle was low. 
Note that small impulses were present at rest. The large unit gave no resting discharge, but 
discharged on the application of a stretch. (a) weak stretch, 1-5 mm.; (b) moderate stretch, 
2-0 mm.; (e) strong stretch, 2-5 mm. Above: time, 50 cyc./sec.; below: stretch signalled by 
condenser system. 


In the case of a lamb, whose records are illustrated in Text-fig. 2, two units 
were giving small impulses during the resting phase, but as soon as a stretch 
was applied a single unit began to give large impulses. The maximum rate of 
discharge was reached during the application of the stretch, a slightly lower 
rate was maintained during the stretch and the discharge ceased at once on 
release of the stretch. With increasing degrees of stretch the maximum initial 
rates of discharge were 40, 50 and 100 impulses/sec.; the subsequent steady 
rates were 25, 35 and 45 impulses/sec. 

Some indications of the variations in the rate of discharge whilst a slack 
muscle was being stretched are shown in the form of a graph in Text-fig. 3. 
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The results described above were obtained from experiments in which the 
resting tension of the muscle was low. The record shown in Text-fig. 4 shows 
the response obtained from stretching a muscle with a high resting tension. 
The rate of discharge during rest was 80 impulses/sec., and this increased during 
the application of the stretch to 140 impulses/sec., settling to 100 impulses / sec. 
during the maintained stretch. The rate fell off at once on the release of the 
stretch and returned to the resting rate without the pause which is seen in the 
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Text-fig. 3. Graph of the response of a single unit during passive stretch. Recorded from the nerve 
| to the inferior oblique muscle of a goat, with the muscle under no initial tension. The heavy 
black line indicates the duration of the stretch. 
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Text-fig. 4. Records of afferent discharges from a single unit during passive stretch of the inferior 
oblique muscle of a goat. The initial tension of the muscle was high. There was a high resting 
rate of discharge. This increased during the application of the stretch, settling to a steady rate 
with practically no adaptation during the period of stretching. There was no pause on relaxa- 
tion, but the rate of discharge immediately fell to the resting level. Above: time, 50 cyc./sec. ; 
below: stretch, of 1-4 mm., signalled by optical system. 


case of a slack muscle. The maximum rates of discharge which have been 
recorded in experiments of this nature have been 300 impulses/sec. during the 
application of a stretch, whilst maintained rates of 150-250 impulses/sec. have 
been recorded. 

The variations in the rate of discharge of a taut muscle during the application 
of a stretch are shown in the form of a graph in Text-fig. 5. 

The apparatus used was inadequate for producing extensions of the same 
amount at different rates, but the discharge during the period of extension was 
related to the rate at which the stretch was applied. 


120 
100 
8 50 L 
20 — 800 
04 06 


468 SYBIL COOPER, P. M. DANIEL AND D. WHITTERIDGE 


Further experiments were performed in which active contraction of the muscle 
was induced by stimulating the nerve, near its point of entry into the muscle, 
by a condenser discharge. The afferent impulses were recorded from leading 
electrodes placed on a cut-down slip of the nerve farther from the muscle. 
A twitch in the inferior oblique muscle of the goat, induced in this way, gives 
at most a tension in the muscle of 50 g. This tension is reached in a rising phase 
or contraction time (Cooper & Eccles, 1930) of 10-20 msec. In nearly all the 
units investigated there was a silent period during the rising phase of the con- 
traction. This silent period was followed by a brief burst of impulses whose 


frequency might rise to a rate of 300-500 impulses/sec. (Text-fig. 6). In muscles 


Fig. 6. 

Text-fig. 5. Graph of the response of a single unit during a passive stretch of 2-6 mm. Recorded 
from the nerve to the inferior oblique muscle of a goat, with the muscle under some degree of 
initial tension. The heavy black line indicates the duration of the stretch. 

Text-fig. 6. Records of the response of a single afferent unit in the inferior oblique muscle of a goat 
during a motor twitch. Note that the afferent discharge ceased completely during the con- 
traction of the muscle, beginning again at the onset of relaxation. Above: time, 50 cyc. /sec.; 
mechanical response of muscle; below: response of afferent unit. 


which were under tension at the onset of the twitch the impulses, after this 
brief burst at a high rate, fell smoothly back to the initial frequency as shown in 
the graph in Text-fig. 7. In muscles under low initial tension there was a further 
pause, after the rapid burst, before the initial rate of discharge was attained, 
as is shown in the graphs in Fig. 8. With an increase in the initial tension 
the contraction time was hardly altered but the silent period was shortened 
(Text-fig. 8). Sometimes an impulse or two appeared at the end of the rising 
phase of the contraction. The maximum rate of discharge of the burst of im- 
pulses was in some cases low, whilst in others it rose to nearly 500 impulses/sec. 
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Text- fig. 7. Graph of the response of a stretch ending in the inferior oblique muscle of a goat during 
a motor twitch. The muscle was under a high initial tension. Note that after the twitch the 
rate of discharge of the impulses does not fall below the resting rate. The motor stimulus was 
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put in at the arrow. Contraction time marked by heavy line. 
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Text-fig. 8. Graphs of response of a single stretch ending in the inferior oblique muscle of a goat 
during twitches with the muscle at two different, low, resting tensions. Note shortening of the 
silent period in the tighter muscle and the pauses after the rapid bursts of impulses. The 
motor stimulus was put in at the arrow. At low resting tension, @ ; at higher resting tension, O. 


Time in msec. 


Text-fig. 9. Graphs of responses of single stretch ending in the inferior oblique muscle of a goat, 
during twitches induced by weak, maximal and supramaximal stimulation. The motor stimulus 
was p at the arrow. Weak stimulus, x ; maximal stimulus, ; supramaximal stimulus, O. 
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Text-fig. 9 shows graphically the effect of increasing the strength of the 
stimulus with a tight muscle. 

The effect of supra-maximal stimuli was also investigated, but these did not 
produce the outburst of impulses during the rising phase of the contraction 
which was described by Matthews (1933) in limb muscles, and attributed by him 
to his A, endings. In a few experiments in which submaximal stimuli were used 
the afferent discharge was increased during the whole of the rising phase of the 
contraction, but when the strength of the stimulus was increased the usual 
silent period was seen. It will thus be seen that the silent period was usually 
present whether the muscle was slack or tight. It must be made clear that 
during the work no serious attempt was made to obtain truly isometric 
contractions. 

No other recognized patterns of discharge in the oculomotor nerve were seen 
during these experiments. However, tendon organ impulses probably have a 
high threshold, and the failure to obtain records of such impulses must not be 
taken as evidence against tendon organ afferents. 

Histological investigation of the inferior oblique muscle of the goat and sheep 
shows that it is profusely supplied with muscle spindles (Pl. 1, figs. 1-6). In 
human eye muscles the various types of nerve endings tend to be segregated in 
specific regions of the muscle (Cooper & Daniel, 1949) but in these ungulates this 
segregation is less marked, and both motor nerve endings and muscle spindles 
are more widely scattered throughout the muscle. The muscle spindles, which are 
more numerous in the proximal than in the distal half of the muscle, tend to 
lie in small groups and are found more frequently near the periphery than in 
the central core of the muscle. An idea of the profusion of these organs can be 
gained from the fact that fourteen muscle spindles were counted on one low- 
power field of a longitudinal (frozen) section of an extrinsic eye muscle of a goat. 
Five muscle spindles are shown in Pl. 1, fig. 3. In some experiments, when an 
afferent unit was discharging, the inferior oblique muscle was prodded with 
a glass rod until a point was found at which prodding gave a marked increase 
in the discharges. This point on the muscle was marked with methylene blue 
and the small block so marked was cut out, sectioned and stained. In all cases 
groups of muscle spindles were found in this piece of muscle. , 

Serial transverse sections of the inferior oblique muscle of a goat were pre- 
pared by the method described by Cooper & Daniel (1949). An attempt was 
made to identify every spindle in the muscle. In all, one hundred and twent 
muscle spindles were counted, and thi. .. ,robably a minimum figure. This 
number is greater than that given by Cilimbaris (1910) for the total number of 
muscle spindles in the inferior oblique muscle of the sheep, and it is also greater 
than the number of muscle spindles found in the human extrinsic eye muscles 
by Cooper & Daniel. No published figures of the number of muscle spindles in 
other somatic muscles give anything like sohigh a count (Gregor, 1904; Voss, 1937). 
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Double and treble muscle spindles are fairly often seen in these muscles. 
Such spindles do not usually have their equatorial regions exactly side by side, 
since they are often arranged with some degree of overlap. Pl. 1, figs. 4, 6, 
show paired muscle spindles in transverse section. Each muscle spindle has 
from two to twelve intrafusal muscle fibres of small diameter. The disparity in 
size between intrafusal and extrafusal muscle fibres in these ungulate eye 
muscles is greater than is that seen in the human. Bags of nuclei in the intra- 
fusal muscle fibres are a prominent feature of the equatorial region of these 
muscle spindles (Pl. 1, fig. 4, upper spindle). The many nerve fibres observed 
within the capsule make an extremely complicated pattern, and are often seen 
to make spiral turns around one or several intrafusal muscle fibres. A spiral 
arrangement of an intrafusal nerve fibre is shown in Pl. I, fig. 1. Motor nerve 
endings are seen on intrafusal muscle fibres at the poles of each spindle. 

In addition to muscle spindles, examples of tendon endings have been found 
both at the origin and at the insertion ends of the muscle. It is also believed 
that there are other, unrecognized, sensory endings in these muscles, supplied 
by some of the abundant nerve fibres which are present. 

Afferent impulses from the muscle spindles in eye muscles have been recorded, 
by means of needle electrodes, in various regions of the mid-brain (Cooper, 
Daniel & Whitteridge, 1950). Details of the distribution of afferent impulses in 
the mid-brain will be published later. 


DISCUSSION 


These experiments show conclusively that there are proprioceptive nerve 
endings in the extrinsic eye muscles of the goat and sheep and that these endings 
send afferent discharges up the oculomotor nerve. Histological study of these 
muscles shows that large numbers of muscle spindles are present in them. The 
afferent discharges from single units generally behaved as did the discharges 
from A, endings in muscle spindles which were studied in the frog and cat by 
Matthews (1931 a, ö, 1933). We therefore conclude that the afferent discharges 
which we recorded in the oculomotor nerve were coming from muscle spindles 
in the extrinsic eye muscles. 

The shortness of duration of the twitch of extrinsic eye muscles and the 
inaccessibility of their nerves makes work on the muscle spindles and analysis 
of their response, such as that carried out by Matthews (1931 a, ö, 1933), Leksell 
(1945) and Katz (1949) on limb muscle spindles, extremely difficult. Our aim 
therefore was to establish the presence or absence of afferent discharges from 
these muscles rather than to provide a detailed quantitative account of their 

We have shown that these eye muscle spindles are organs exquisitely sensi- 
tive to stretch. Any passive stretch of the muscle is immediately signalled by 
an increase of the discharge rate, and if the stretch is sharply applied this 
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increased rate may reach a high figure. The muscle spindle is equally sensitive 
to a decrease in tension, for as soon as the stretch is released the rate of dis- 
charge falls. This behaviour is strictly comparable with the behaviour of the 4, 
endings of Matthews in response to stretch. 

The responses of these muscle spindles in eye muscles to an active twitch is 
of considerable interest. During the rising phase of the contraction the unit is 
silent, but immediately relaxation starts a very rapid burst of impulses occurs. 
This is suggestive of a very brief stretch. Matthews (1933) shows in his fig. 10B 
a comparable burst of impulses from an A, ending at the onset of relaxation 
after a tetanic contraction. This, he suggests, is similar to the behaviour of the 
ending during a sudden stretch. Impulses are seen in fig. 9 of Matthews’s (1933) 
paper during relaxation after a twitch, but these are a much less conspicuous 
feature of the behaviour of these limb muscle nerve endings than are the striking 
bursts of impulses which are seen at this phase in the twitch of eye muscles. 

Outbursts of impulses during relaxation after a twitch very similar to those 
reported in the present paper have been seen by Hunt & Kuffler (1951). 

Whether the arrangement of the muscle fibres in the types of muscle pre- 
paration used could be the cause of this difference in behaviour is not known. 
It is, however, of some interest that the limb muscles used by Matthews were 
penniform, while the extrinsic eye muscles have parallel fibres. 

We are unable to make any useful contribution to the problem of the 
activation of intrafusal muscle fibres in mammals. Histological evidence on 
the diameter of motor nerve fibres to intrafusal muscle fibres is not available, 
and we have been unable to change the pattern of afferent discharge from the 
endings studied by using supramaximal stimuli. The muscles used in our 
experiments were not contracting under strictly isometric conditions, and the 
results therefore do not bear exact comparison with those of Leksell (1945) or 
Katz (1949). In view of the results obtained with a very elegant technique by 
Kuffler & Hunt (1949) the generally accepted views on the behaviour of muscle 
spindles probably need revision. 

The simplest explanation of the findings recorded here is that some of the 
muscle spindles are in series with extrafusal muscle fibres. Study of a number 
of muscle spindles histologically shows that there is no uniform pattern of 
attachment of these organs, and that some are indeed arranged in series with 
extrafusal muscle fibres. 

It is of interest to determine what angle of movement of the globe would be 
recorded by the proprioceptors in the eye muscles. The diameter of the eyeball 
of the young goat was found to be approximately 2-4 cm. The inferior oblique 
muscle is inserted near the equator, and a movement of its tendon of 2-0 mm. 
will therefore correspond to a rotation of the eye of about 11°. Records from 
one sensory ending show that there was an increase of 90 impulses/sec. in the 
steady discharge rate when the muscle was stretched by 2-0 mm. The relation 
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of the increase of stretch to the increase of rate of discharge of impulses was 
approximately linear. The standard deviation of the resting discharge was 
6-5 impulses/sec. An increase of the resting discharge of twice the standard 
deviation would therefore correspond to a rotation of 1-5°. These figures, 
however, relate to the steady discharge during a maintained stretch. During 
rotation the frequency of discharge may rise to twice or three times the resting 
value. The muscle proprioceptors, whether in the oblique muscles or in the 
recti, are therefore probably capable of detecting movements of less than 15°. — 
As the macula in man subtends an angle of 1°, it seems that the sensitivity of 
this system is great enough to play some part in the control of eye movements. 


SUMMARY 


1. Impulses from single units coming from afferent nerve endings in muscle 
spindles in the inferior oblique muscle have been recorded from the branch of 
the oculomotor nerve to this muscle in goats and sheep. 

2. These units showed a very rapid discharge, of up to 300 impulses/sec., 
during the onset of stretch, settling to a steady discharge with minimal adapta- 
tion during maintained stretch and falling off or ceasing abruptly on the release 
of the stretch. 

3. During the rising phase of a twitch induced by stimulating the nerve all 
_ discharges ceased. The onset of relaxation was signalled by a striking burst of 
impulses, which might reach a rate of 450 or 500 per sec., before the resting rate 
of discharge was regained. The unit thus appeared to behave, during relaxation, 
as though the muscle had been stretched. Two units out of ten discharged 
during the rising phase of the twitch. 

4. The absence of other recognized patterns of discharge should not be taken 
as evidence against the presence of other sensory endings in these muscles. 

5. Histological examination shows that these muscles contain many muscle 
spindles essentially similar in type and distribution with those found in the 
extrinsic eye muscles of man. 


The male goats used in these experiments were kindly given to us by Drs S. J. Folley and 
A. T. Cowie, of the National Institute for Research in Dairying. We are grateful to Mr W. T. S. 
Austin and Mr R. Beesley for much technical assistance. 
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EXPLANATION OF PLATE 1 


Fig. 1. Longitudinal section of a muscle spindle in the inferior oblique muscle of a goat. Note the 
well-defined spindle-shaped capsule and the spiral arrangement of one of the intrafusal nerve 
fibres. (Frozen section. Bielschowsky-Gros silver impregnation.) 

Fig. 2. Longitudinal section of a muscle spindle in the inferior oblique muscle of a goat. The 
capsule of this spindle is somewhat less thick than that of the spindle shown in fig. 1. One 
nerve trunk approaches the middle of the spindle, and smaller trunks enter each pole. Note 
that there are numbers of fine intrafusal nerve fibres. (Frozen section. Bielschowsky-Gros 
silver impregnation.) 

Fig. 3. Longitudinal section of rectus oculi muscle of a goat showing five muscle spindles. (Frozen 
section. Bielschowsky-Gros silver impregnation.) 

Fig. 4. Transverse section of twin muscle spindles in the inferior rectus oculi muscle of a goat. The 

upper spindle is cut through the equatorial region and the nuclear bags in the intrafusal muscle 
fibres are well seen. The intrafusal muscle fibres of the lower spindle are considerably smaller 
than the surrounding extrafusal muscle fibres. Note that these muscle spindles are in contact, 
on the right, with one of the fibrous septa of the muscle, a characteristic arrangement. 
(Paraffin section. H. and E.) 

Fig. 5. Transverse section of a muscle spindle in the inferior oblique muscle of a goat. This spindle 
is cut through the equatorial region. Centrally placed nuclei are seen in the intrafusal muscle 
fibres. A fair-sized periaxial space is seen. (Paraffin section. H. and E.) 

Fig. 6. Transverse section of twin muscle spindles in the inferior oblique muscle of a goat. The 
capsule in this case is considerably stouter than those seen in figs. 4 and 5. Central nuclei are 
again seen in the intrafusal muscle fibres. (Paraffin section. H. and E.) 
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RESPONSE OF PACINIAN CORPUSCLES IN 
THE CAT'S TOE 


By J. A. B. GRAY anp P. B. C. MATTHEWS 
| From the National Institute for Medical Research, Mill Hill, London, V. M. 7 


(Received 3 September 1950) 


Gray & Malcolm (1950) have recently shown that the Pacinian corpuscles in 
the cat’s mesentery adapt rapidly to steady pressure. This observation differed 
from an early finding of Adrian & Umrath (1929), who studied a slowly adapting 
sensory discharge from endings in the cat’s toe. On stimulating the toe with 
a steady pressure they found a discharge of action potentials lasting for several 
minutes with declining frequency. This, they concluded, came from the Pacinian 
corpuscles there. Sine the corpuscles in the toe and mesentery are histo- 
logically identical, it was of interest to decide whether or not there was a 
functional difference between them, since this would be of importance in 
considering their mechanism. We have, therefore, repeated Adrian & Umrath’s 
experiments, but we found that the slowly adapting discharge does not come 
from the Pacinian corpuscles, which, like those in the mesentery, adapt rapidly 
to steady pressure. 
METHODS 


Most observations were made on unanaesthetized cats at least 3 hr. after they had been decerebrated 
under ether anaesthesia; a few experiments were done on cats under chloralose anaesthesia, and 
one on a spinal cat. 

The cats were placed on a platform in a heated recording chamber. Both sciatic nerves were cut 
and one leg was held, with the medial toe uppermost, by two drills, one through the tibia and the 
other through one of the toes. A skin incision was made along the dorsal side of the medial toe 
from half-way along the foot to the pad. The skin was deflected from the medial side of the toe, 
exposing the nerve as in Fig. 1a. The foot was next immersed in a paraffin bath jacketed by 
warm water, and the plantar digital nerve dissected out, its main branch from the pad being cut. 
In most preparations the blood supply to the toe was good, the vessels visibly pulsating and having 
a bright red colour. To expose the Pacinian corpuscles further dissection was required (Fig. 15). 

Action potentials were recorded from the peripheral end of the cut plantar digital nerve through 
bright platinum electrodes under paraffin, cathode followers and an amplifier upon one beam of a 
cathode ray oscillograph. Photographs were taken upon moving paper. 

The stimuli used to excite receptors were usually light touch from a bristle or pressure from a 
brass rod. For this purpose the simple pressure stimulator illustrated in Fig. 2 was used. The brass 
tod (a) on top of which weights could be placed, slid inside a firmly held guide (b), and could be 


9 
4 
Z 
‘ 4 


476 J. A. B. GRAY AND P. B. C. MATTHEWS 


dropped or lowered by hand. This stimulator took up to g sec. to apply full pressure and cease 
vibrating. The tip of the rod had a cross-sectional area of Ig mm., which could be increased to 
10 sq.mm. by attaching a Perspex plate. 


Tip area 
1sq.mm 
44444 
Fig. 1. Fig. 2. 


Fig. 1. Diagram of medial side of medial toe; a, with the skin deflected and the nerve exposed; 
b, with corpuscles exposed by dissection lying beside the tendon. (From Adrian & Umrath, 
1929.) 


Fig. 2. Diagram of the pressure stimulator. (For details see text.) 


RESULTS 


When the toe was explored with light touch from a bristle, one or more sensitive 
spots were usually found. These responded to touch with a discharge of im- 
pulses in the nerve much more readily than other parts of the exposed area. 
Dissection at a sensitive spot has always revealed one, or more usually a cluster 
of Pacinian corpuscles beneath the fascia. A cluster of Pacinian corpuscles was 


Fig. 3. Action potentials in plantar digital nerve. Response to steady pressure on a sensitive spot 
of the tendon sheath: a, with 10 g. on stimulator; b, with 50 g.; c, 15 sec. after ö, while 
stimulator is still on toe. Time 50 cyc./sec. 
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‘ regular occurrence under the tendon sheath in the place described by Adrian 


(Fig. 10); but other corpuscles were often found, usually outside the tendon 
sheath. 


Fig. 4. Action potentials in plantar digital nerve. Response to steady pressure (10 g.): a, on 
tendon sheath; ö, on group of exposed corpuscles; c, stimulation at the same point as in b, 
after removal of the group of corpuscles but leaving a single corpuscle; d, stimulation as in c, 
after removing the remaining corpuscle. Time 50 cyc./sec. 


Fig. 5a. Fig. 5 b. 
Fig. 5. Superimposed traces of action potentials at a high sweep speed. The sweep is triggered by 
the amplified action potential, hence part of the rising phase is not recorded. Stimulation of 
a single corpuscle a, by light touch, b, by pressure. (Same corpuscle as in experiment of Fig. 4c.) 
At b in addition to the large action potentials (1) small ones (2) are seen, corresponding to those 
in Fig. 4c. 


’ Before the corpuscles were exposed by dissection records were taken of the 
response to pressure on the sensitive spot. The main response consisted of a 
brief discharge of large action potentials (Figs. 3 and 4a). This response was 
always obtained; in addition a long discharge of smaller action potentials was 
sometimes seen (Fig. 3b and c). These two responses are distinct and must come 
from different kinds of endings. 

The duration of the quick discharge was usually between 0-2 and 1 sec., and 
it was little prolonged by using larger weights on the stimulator; it never 
exceeded 5 sec. in duration. As the time necessary for the stimulator to come 
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to rest was of the same order as the duration of the discharge, it cannot be 
analysed as a response to steady pressure. A similar short discharge of large 
action potentials was seen on bending the toe, and did not continue after the 
toe had reached its final position. When the Pacinian corpuscles were exposed, 
which was usually done without injury, they were more sensitive to a light 
touch than the surrounding tissue. Steady pressure applied directly upon them 
gave the same rapidly adapting response as had been produced by stimulation 
of the tendon sheath above them (Fig. 4a and b). In two preparations the in- 
dividual action potentials, produced by lightly touching the corpuscles, were 
compared with those of the rapidly adapting discharge. They were identical in 
shape and size (Fig. 5). 

In several experiments the exposed corpuscles were finally removed. This 
abolished, or greatly reduced, both the response to light touch and the rapidly 
adapting discharge produced by steady pressure. When some large action 
potential response remained it probably came from corpuscles which were not 
removed, for, as they do not all lie close together, they could not always all be 
removed. For instance, in the experiment of Fig. 4 the remaining large action 
potential response in record c was traced to a single superficial corpuscle. Its 
removal, which was done without any risk of damaging other structures, 
abolished both this response and that to light touch. All these observations 
are evidence that the rapidly adapting discharge comes from the Pacinian 
corpuscles, and that they are sensitive to very light touch. 

Removal of the corpuscles did not abolish the slowly adapting discharge of 
smaller action potentials (Fig. 4d). This type of discharge was seen in a number 
but not in every experiment nor consistently during a given experiment. It 
appears to be similar to the response studied by Adrian & Umrath. The endings 
responsible for it differ from the Pacinian corpuscles in the following ways: 
the action potential of their nerve fibre is smaller, their rate of adaptation is 
slower, and they are not sensitive to light touch. While the action potentials 
from the corpuscles are about the same size as the largest of those obtained by 
touching the pad before cutting the nerve branch to it, those of the slowly 
adapting response are one-third to one-half this size. These smaller action 
potentials are not easily recorded unless the nerve is cleaned by stripping off 
its outer sheath, but as this was often found to abolish the corpuscle response 
it was not always carried out. This partly accounts for our not seeing the slowly 
adapting response in every experiment. In two experiments in which the outer 
sheath was stripped, no spot sensitive to light touch could be found. But in 
each case firm pressure in the region where corpuscles were usually found 
produced a discharge of action potentials. Comparison of their size with that 
of those from the pad showed them to be the small action potentials. These 
endings adapted slowly to steady pressure, producing a discharge lasting several 
minutes; this is shown in Figs. 6 and 7. Rather a strong stimulus was required 
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to excite them and the area sensitive to stimulation was small. This probably 
explains why the slow discharge appeared irregularly in the experiments in 
which the corpuscle discharge was being studied. Since this slow discharge is 
so different from that which we have shown to come from the corpuscles, and 
as it continues after they have all been destroyed, it must originate from some 
other kind of sensory ending. 


Fig. 6. Response of slowly adapting receptor to steady pressure (50 g.): 
a, application of pressure; b, 15 sec.; c, 120 sec. after a. Time 50 cyc./sec. 


0 10 20 30 120 


Fig. 7. Decay of frequency of discharge of slowly adapting receptor under steady pressure. (From 
experiment of Fig. 6.) Ordinate: number of action potentials per sec. Abscissa: time in sec. 
Record broken from 30 to 120 sec. 


We have carried out various controls to ensure that the rapidly adapting 
discharge from the Pacinian corpuscles is their normal response. Under 
abnormal conditions a slowly adapting ending might conceivably be converted 
into a rapidly adapting ending. Since, in a number of the experiments a slowly 
adapting discharge occurred simultaneously with the rapidly adapting dis- 
charge, this is unlikely to have happened. In fact, the cats were generally in 
good condition: respiration, heart rate, rectal temperature and temperature of 
the paraffin bath were recorded periodically as a check, and the blood supply 
to the foot was well maintained. Furthermore, the experimental conditions 
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have been widely altered without affecting the response. The discharge remained 
very short whether the cat was decerebrated, under chloralose anaesthesia or 
spinal, whether the cat was overbreathed till twitching occurred or under- 
breathed till death, whether the temperature of the paraffin was 25° or 45° C. 
(though the changes in temperature of the circulated toe must have been much 
less), or whether recording was through brush electrodes in air and no paraffin 
used. 

It was also necessary to be certain that the stimulator did apply a maintained 
pressure to the Pacinian corpuscles. If they were to slip away from the tip of 
the stimulator then an apparent, rapid adaptation would occur. It is unlikely 
that this could have occurred when the pressure was applied above the tendon 
sheath. However, neither then nor when stimulating exposed corpuscles was 
the discharge altered by increasing the area of the tip from 1 to 10 sq.mm., nor 
when the foot was held on a board instead of with drills. One of the most 
convincing results was obtained when a single corpuscle was compressed 
between the large tip and the tendon; it adapted rapidly. 


Experiments on an isolated corpuscle in the mesentery 

These results on toe corpuscles are not completely comparable with those 
obtained by Gray & Malcolm (1950) on mesenteric corpuscles, as they never 
used stimuli greater than thirty times threshold. Therefore, in one cat we have 
stimulated a single corpuscle in the mesentery with our stimulator. This 
produced the typical, rapidly adapting discharge. As a movement of 1 u. in 
1 msec. is sufficient to excite these corpuscles, the 10 and 50 gm. weights used 
were an enormously great stimulus. Further, in recent experiments, stimuli 
from a piezo electric crystal of 100 times threshold have never produced more 
than five action potentials, as will be described elsewhere (Gray & Matthews, 
1951). 


DISCUSSION 


Our experiments have shown that steady pressure applied to the toe may 
produce two distinct responses: a rapidly adapting discharge of large action 
potentials and a slowly adapting discharge of smaller action potentials. Only the 
rapidly adapting discharge comes from Pacinian corpuscles, which were also 
found to be excited by very light touch. 

The rapidly adapting discharge was seen consistently when pressure was 
applied to those spots on the toe which were sensitive to light touch. Pacinian 
corpuscles have been regularly found beneath these sensitive spots, usually 
under the tendon sheath. When exposed the corpuscles were more sensitive to 
licht touch than the tissue around them. Steady pressure applied directly upon 
them produced the same rapidly adapting discharge. The action potentials of 
this discharge were similar in size and shape to those excited by touch. When 
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all the exposed corpuscles were removed this response was abolished. Thus this 
rapidly adapting discharge must come from the Pacinian corpuscles. 

This rapid adaptation does appear to be the physiological response of the 
corpuscles to steady pressure, and not an effect of abnormal experimental 
conditions. Since it is found when the corpuscles are covered by the tendon 
sheath there is no question of their nerves or blood supply being damaged. 
Recording was started early in the experiment, when the animals were certainly 
in good condition, and they usually remained so throughout. However, the 
response remained unchanged whatever procedure we used to alter the con- 
dition of the animal or the state of the toe. In addition, we are confident that 
our stimulator did apply a steady pressure to the corpuscles themselves. 

These results and conclusions are in contrast to those of Adrian & Umrath, 
who attributed a slowly adapting response to the corpuscles. We also have seen 
slowly adapting responses, but they are quite distinct from the quickly adapting 
response of the corpuscles. The slow response differs from the corpuscle response 
in consisting of smaller action potentials and in requiring firm pressure to 
excite it, as well as in the duration of the discharge produced by a steady 
pressure. Moreover, they were only occasionally seen when steady pressure 
was applied over exposed corpuscles, and they have persisted after all the 
corpuscles have been removed, as was also found by Adrian & Umrath. Hence, 
we are certain that they cannot come from the Pacinian corpuscles, but we do 
not know from what endings they do come. 

The reasons why Adrian & Umrath overlooked the rapidly adapting dis- 
charge are not clear. There is no doubt that it is the normal response of the 
corpuscles to steady pressure, and that it cannot be qualitatively altered by 
changing the conditions of the preparations within the physiological range. It 
is possible that variations in the techniques of stimulation, or of cleaning the 


nerve, brought the slowly adapting response into greater prominence. Since 


the main purpose of their paper was to study the decay of impulse frequency 
with time, the short discharge could have been easily neglected, for it is hard 
to analyse and does not long outlast the loading period, which would have 
been rightly ignored. 

Our results obtained on the corpuscles of the toe are similar to those found by 
Gray & Malcolm (1950) and Gray & Matthews (1951) on the mesenteric Pacinian 
corpuscles, with their rapid adaptation to slowly increasing or rectangular 
stimuli. Therefore it is probable that Pacinian corpuscles in different parts of the 
body all behave in the same way and adapt rapidly. Formerly their function was 
thought to be to signal maintained pressure; however, as they adapt rapidly 
and do not respond during steady pressure, this cannot be their purpose, and 
some other function must be assigned to them. Because of their sensitivity to 
small, rapid movements, they must be constantly stimulated by most quick 
movements of the body. For example, the mesenteric corpuscles are excited 

31—2 


y 
n 
1e 
a8 
in 
ly 
0 
n 
of 
en 


482 J. A. B. GRAY AND P. B. C. MATTHEWS 


by heart-beat and respiration, and probably by acceleration of the body. The 
toe corpuscles must be excited in placing the foot on the ground. Signalling 
body movements may thus be their sole function. But they are also sensitive 
to externally applied vibration. A tuning-fork on the pelvis or abdominal wall 
excites mesenteric corpuscles (Gray & Malcolm, unpublished). Similarly, 
ground vibration would certainly excite corpuscles in the toe, and probably 
those elsewhere. Co-ordination of the response of corpuscles in different parts 
of the body could provide information on the strength and quality of a vibration, 
and if this were so it would be a function of obvious importance. 


SUMMARY 
1. The Pacinian corpuscles in the cat’s toe respond to steady, maintained 
pressure by a rapidly adapting discharge. They behave, therefore, like the 
Pacinian corpuscles of the mesentery and their function cannot be to signal 
steady pressure. 
2. A slowly adapting discharge of smaller action potentials can also be 
recorded on applying firm pressure to the toe. This response does not originate 
in the corpuscles. 


P. B. C. Matthews wishes to thank the Medical Research Council for assisting this work with a 
Research training grant. 
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EFFECTS OF SUBSTANCES 
ON THE SMALL INTESTINE 


_ By W. FELDBERG 
From the National Institute for Medical Research, Mill Hill, London, N.W. 7 


(Received 23 September 1950) 


In 1946 Ambache suggested that a number of substances which contract the 


intestinal preparation owe this effect, in part, to stimulation of the nervous 
structures of the myenteric plexus in the intestinal wall, i.e. to stimulation of 
nerve cells or nerve fibres. Emmelin & Feldberg (1947) were unable to confirm 
some of his findings; moreover, they argued that his interpretation was in some 
places faulty. The question was recently reopened by Ambache (1949), who 
reaffirmed his original conclusions and considered the arguments brought 
forward against his view to be invalid, because he was able to show that some 
of the substances used as controls by Emmelin & Feldberg (i.e. thought to be 
pure muscle stimulating substances on the intestine) stimulated the cells of the 
superior cervical ganglion in the cat. A re-examination of the problem was 
therefore indicated. 

Ambache (1949) questions whether there is any substance which acts on the 
intestine purely by stimulating smooth muscle, and suggests that those sub- 
stances commonly believed to act only in this way also have an action on the 
nervous apparatus in the intestinal wall. If he is correct it would be very 
difficult to devise convincing control experiments or to assess the mode of 
action of any drug on the intestinal wall. The position is not as hopeless as that. 
It will be shown that the histamine response of the intestinal wall is accounted 
for solely by its smooth muscle fibre stimulating action, and not at all by 
release of acetylcholine from nerve fibres excited at their endings. The latter 
mode of action was suggested by Ambache as being analogous to the action of 
histamine on the sensory nerve endings in human skin, whereby it elicits the 
axon reflex responsible for the red flare of the triple response. 

However, if histamine acts in the intestinal wall purely asa muscle stimulating 
substance, two further observations made by Ambache become invalid as 
evidence for a nervous component of a drug action on the intestine, since both 
were also obtained with histamine: these are the potentiation of a drug 
response by eserine and the accelerating effect of a drug on the synthesis of 


acetylcholine in the intestinal wall. 
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Emmelin & Feldberg ascribed the potentiation of a drug response by eserine 
to summation of the response with the effect of the accumulating acetylcholine. 
This explanation still remains the only satisfactory one to explain the potentia- 
tion of the ‘non-nervous’ histamine response. Ambache found that the 
synthesis of acetylcholine in pieces of intestine incubated with eserine is 
accelerated by histamine and BaCl,. There is no necessity to assume that 
a substance which accelerates the synthesis of acetylcholine under the conditions 
of Ambache’s experiment, must act on the nervous apparatus, particularly 
since it is not certain that the enzyme responsible for the synthesis, choline 
acetylase, is mainly located in the nervous elements in the intestinal wall 
(Feldberg & Lin, 19495, 1950). Furthermore, substances like KCl accelerate 
synthesis of acetylcholine, even in saline extracts of acetone-dried tissue. 
Apart from the fact that there is no cogent reason why substances acting on the 
nervous apparatus should affect the synthesis, Emmelin & Feldberg failed to 
confirm Ambache’s observation, a failure attributed by him to deviation from 
his experimental procedure. This question also had to be re-examined. 

Ambache had further supported his theory by showing that prolonged 
cooling of a piece of intestine, thereby destroying its nervous elements, reduced 
its sensitivity to various drugs. Emmelin & Feldberg were able to confirm this 
result for barium, and, to a certain extent, for potassium; they emphasized 
the need for more evidence before such observations could be regarded as proof 
of a ganglion stimulating action of these ions on the intestine. 

There is one obvious method by which it can be convincingly established 
that a substance has a ganglion-stimulating action on the intestine, namely 
by showing that its action is reduced or abolished when the ganglion cells 
are paralysed or put out of action in some other way. The changes produced 
by cooling the intestine or treating it with large, paralysing doses of nicotine 
are difficult to interpret, because these procedures cause additional, unspecific 
changes in the sensitivity of the intestine. However, a number of substances 
are now available, which are known to paralyse autonomic ganglia. They have 
been examined to find out how far they can be used as specific ganglionic 
inhibitors on the intestine. Of the substances used, p-tubocurarine, tetraethyl- 
ammonium and hexamethonium, the last proved suitable for this purpose. 
Its strong paralysing action on autonomic ganglia has been described = 
Paton & Zaimis (1949). 

METHODS 


Guinea-pig’s and rabbit’s ileum preparations were set up in a 15 ml. bath at 34-35° C. with oxygen 
bubbling through the bath. The bath fluid contained per litre 9 g. NaCl, 0-42 g. KCl, 0-24 g. 
CaCl,, 1 g. dextrose, 0-5 g. NaHOO,, and 0-005 g. MgCl,. The changes in length of the preparation 
were recorded with a frontal writing lever (magnification about 3:1) and, in addition, observed 
through the transparent walls of the tank with the naked eye. The substances employed to make 
the intestine contract were always used in doses which produced submaximal contractions. They 
were usually kept in the bath for 30 sec., then washed out and, if not otherwise stated, given at 
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3-4 min. intervals. The ganglionic inhibitors, cocaine and paralysing doses of nicotine, were allowed 
to remain in the bath for longer periods (up to 20 min.). When the bath fluid was changed during 


this time, for instance, when testing a drug during this condition, they were again added at once to 
the refilled bath. 

All values for histamine refer to the base, the phosphate salt being used. The values for acetyl- 
choline, choline, acetyl-8-methylcholine, pilocarpine, refer to the chloride, those for nicotine to the 
hydrotartrate, and those for eserine to the sulphate. 

Synthesis of acetylcholine. Two experiments were performed with barium. Care was taken to 
follow the description given by Ambache (1946). For each experiment two guinea-pigs were killed 
by a blow on the neck and bled. The small intestines were removed, rinsed through the lumina with 
bicarbonate-free Locke solution, and divided into strips of 13-14 cm. length, which were distributed 
alternately between two beakers. In addition a few om. length of both intestines were used to 
determine the acetylcholine content of the intestinal tissue. The intestinal strips were slit open 
longitudinally, again washed, dried between filter-paper, weighed, and then transferred into two wide 
test-tubes containing 6 ml. bicarbonate-free Locke solution and 0-2 ml. eserine sulphate 1 in 200. 
The tubes were incubated for 40 min. in a water bath at 37° C., oxygen bubbling through the 
samples. To one sample 2 mg. barium chloride was added at the beginning, and at 10 min. intervals 
thereafter, 0-05 ml. of a 1 % solution of BaCl,, 2H, O. After incubation, synthesis was stopped by 
acidifying the samples with n/3-HCl and boiling them; immediately before boiling, 2 mg. barium 
was added to the barium-free sample, and 0-1 ml. 1 % NaSO, added to both in order to precipitate 
the barium. The assay of acetylcholine was carried out on the frog rectus muscle. 


RESULTS 


Experiments on the guinea-yng’s ileum preparation 

Histamine after cocaine 

If the histamine contractions of the guinea-pig’s intestine were to result in 
part from stimulation of nerve endings in the intestinal wall, they should be 
reduced by concentrations of cocaine which paralyse the nervous structures in 
the intestinal wall. Feldberg & Lin have shown that this is not the case. 
Cocaine has several actions on the intestine. In weak concentrations it may 
stimulate the gut, and render it more sensitive to histamine and acetylcholine; 
the nervous structures may already be paralysed; usually, however, slightly 
stronger concentrations are required for this purpose. When this happens the 
contractions to nicotine are abolished, but histamine retains its full effect, or 
may even produce a stronger contraction (Fig. 1 a, ö). A further increase in the 
concentration of cocaine depresses the muscle fibres as well. At this stage the 
histamine response is also depressed and this depression increases with increasing 
concentrations of cocaine. As seen from Fig. Ic, the concentrations of cocaine 
required for this action are not much greater than those required for paralysis 
of the nervous elements. When paralysing concentrations of cocaine are washed 
out there often follows a period in which the histamine responses are increased 
before the excitability of the intestine returns to normal (Fig. 1c). This effect 
corresponds to the increased excitability observed in the presence of weak 
concentrations of cocaine in the bath. 
The fact that cocaine concentrations, which paralyse the nervous structures, 
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do not reduce the histamine response is evidence against a nervous component 
in the action of histamine on the intestine. The histamine contractions on the 
intestine can thus be regarded as purely muscle-stimulating effects. 


Fig. 1. Guinea-pig’s ileum preparation in 15 ml. bath. Effect of different concentrations of cocaine 
on the response to 0-1 yg. histamine (unmarked) and to 30 yg. nicotine (Ni). 


Nwotine paralysis 

After large paralysing doses of nicotine, Ambache found the sensitivity of 
the intestinal preparation to acetylcholine so greatly diminished that a pre- 
viously active dose of acetylcholine no longer made the gut contract, and doses 
10 times greater did not produce the full, original contraction. This was ex- 
plained by the assumption that the nerve cells after nicotine no longer responded 
to acetylcholine. It would follow that the contractions of an untreated intestinal 
preparation to small doses of acetylcholine would have to be looked upon as 
being mainly the result of a ganglionic, nicotine-like action. This is not correct. 
Emmelin & Feldberg have shown that after nicotine the sensitivity of the 
preparation is reduced to all substances examined, not only to BaCl,, acetyl- 
choline, pilocarpine and 2268 F, for which Ambache had found a stimulating 
action on sympathetic ganglia, but to histamine as well, which lacks this 
action. | 

The reduced sensitivity of the intestine to histamine during the nicotine 
paralysis was described by Emmelin & Feldberg, but was not illustrated and, 
therefore, it may not have been taken into account by Ambache (1949). As 
shown in a figure since published (Feldberg, 1950), the response to histamine 
may be reduced to an even greater extent than that to acetylcholine. 

The depression does not affect only the longitudinal but also the circular 
muscle layer, as seen by the effects of nicotine on the peristaltic reflex. Paralysis 
of the nervous structures abolishes the peristaltic waves of contraction which 
normally occur in the guinea-pig’s intestinal preparation when the gut is 
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distended by filling the lumen with saline solution, but the longitudinal muscle 
still contracts to the stimulus of distension, and similarly the circular muscle 
exerts a tonic resistance against the filling. During the nicotine paralysis, 
however, the longitudinal muscle no longer contracts when the pressure in the 
lumen is raised and the atonie condition of the circular muscle is seen by 
abnormal filling and distension of the intestine (see Fig. 13, p. 42 of Feldberg & 
Lin, 1949 a). 

The depression by nicotine may be a direct action of nicotine on the muscle 
fibres or more likely an after effect of the strong contraction. Another possibility 
would be to assume that nicotine first stimulates nerve cells in the intestinal — 
wall, some of which give rise to short adrenergic neurons, thus releasing 
adrenaline, which might persist in the tissue spaces for some time and be re- 
sponsible for the observed depression. Against this view there is the observation 

of Munro (1951), who found that the caecal end of the ileum of some guinea-pigs 
contracts to adrenaline, but that this contraction is also depressed by nicotine. 

In many preparations nicotine exerted some depressant effect, even if given 
in small amounts (15-30 fg. / 15 ml.), and for a short time only. After washing 
out the nicotine, the responses to histamine were reduced for a few minutes 
and spontaneous contractions, if present before the nicotine, disappeared ; this 
after-depression was sometimes followed by a short period of increased 
excitability to histamine. These changes in excitability were not regularly 
obtained even on the same preparation with repeated administration of 
nicotine. 


Assay of ganglion inhibiting substances on the intestine 

p-Tubocurarine, tetraethylammonium and hexamethonium paralyse the 
ganglion cells of the myenteric plexus and, therefore, abolish the stimulating 
action of small doses of nicotine without reducing the histamine response. 
For p-tubocurarine, this nicotine antagonizing action has been described by 
Feldberg & Lin (1949a); for tetraethylammonium by Collins (1948), who, 
however, did not attribute the effect specifically to ganglionic paralysis; while 
Paton & Zaimis (1949) showed that hexamethonium prevented the peristaltic 
reflex. 

There is a certain quantitative relation between the stimulating action of 
nicotine and the antagonizing action of the inhibitors. When the response to 
a given dose of nicotine, say 30 or 40 lg., has been abolished, an increase in 
the dose of nicotine will again elicit a response. Similarly a nicotine response 
can be progressively reduced by increasing the doses of inhibitor. 

After washing out the inhibitor, the ganglion cells gradually acquire their 
original responsiveness to nicotine, full recovery being attained within about 
10 min. 

Apart from their ability to paralyse ganglion cells in the intestinal wall, the 
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ganglion inhibitors increase the excitability of the muscle fibres. This effect is 
greatest with tetraethylammonium and smallest with hexamethonium. Like 
cocaine, these ganglionic inhibitors augment the histamine response. For 
p-tubocurarine this has been described by Schild & Rocha e Silva (1949), for 
tetraethylammonium by Collins (1948). In addition, the inhibitors, if given in 
sufficiently high concentration, may produce spontaneous, small, but relatively 
regular contractions, This has so far been described for tetraethylammonium 
only (Collins, 1948); for hexamethonium the effect is seen in Fig. 9 at 0. 
With p-tubocurarine this effect usually occurred only with concentrations of | in 
15,000 or stronger. It is demonstrated in a figure published elsewhere (Feldberg, 
1950, Fig. 3, p. 289). These concentrations, although eliciting spontaneous 
movements, diminished the histamine response (see p. 491). 

The relative potency of the three ganglionic inhibitors has been assayed by comparing their 
ability to reduce the nicotine response. The following procedure was adopted. Histamine was 
given for 30 sec. every fourth minute and interpolated, after each fourth histamine response, by 
a dose of nicotine (10-60 yg. for 60-90 sec.). The inhibitors were given before the third histamine 
response and removed with the nicotine. In this way, sufficient time was allowed for the after- 
effects of nicotine and of the inhibitors to wear off before a new nicotine response was tested. In 
addition, any changes in excitability of the intestinal muscle occurring during the course of an 
experiment were recorded and could then be taken into account in the assay. Independent of such 
changes in sensitivity to histamine, the response to nicotine often increased in the course of several 
hours’ experiment and, therefore, the dose of nicotine was usually reduced in the second half of the 
assay. The concentrations of inhibitors used were such that the nicotine response was only partially 
abolished. If no great variations took place in the histamine responses, the reductions in the 
nicotine responses were oc npared directly with each other. This was the usual procedure and the 
one adopted in the experiment of Fig. 2, in which the histamine responses have been omitted from 
the tracing. When the histamine responses varied, each nicotine response was expressed as 
a percentage of the last preceding histamine response and the percentages were compared with 
each other: It was rarely necessary to adopt this procedure; usually the result was the same 
whichever method of comparison was adopted. 

In the experiment of Fig. 2 the potency of hexamethonium was first compared 
with that of D-tubocurarine by their relative ability to reduce the response to 
40 yg. of nicotine; later in the experiment the dose of nicotine was reduced to 
30 Ag. and hexamethonium was compared with tetraethylammonium. In this 
and other experiments it was found that the ganglion blocking activity of 
20 wg. hexamethonium iodide corresponded to that of between 45 and 50 pg. 
p- tubocurarine chloride and of about 120 ug. tetraethylammonium iodide. 


Drug responses after D-tubocurarine 


The addition of 500 ug. D-tubocurarine to the 15 ml. bath practically 
abolished the strong responses produced by 20-60 yg. nicotine; sometimes 
a small effect persisted, consisting either in increased activity only or in a small 
tonic contraction. Contractions similar to, or weaker than those produced 
by the nicotine, but elicited by parasympathomimetic drugs, such as acetyl- 
choline, choline, acetyl-8-methylcholine and pilocarpine were partially affected 


* 

¢ 

‘ 

4 

‘ 

» 


GANGLION-BLOCKING SUBSTANCES ON INTESTINE 489 


by this dose of p-tubocurarine, This is illustrated in Fig. 3. In general it was 
ſound that the contractions produced by very small doses of acetylcholine were 
reduced to a greater extent than those by large doses, as seen from the results 
of Table 1; contractions produced by doses of acetylcholine greater than 0-5 yg. 
were only slightly reduced, or remained unaffected. 


d.T. Te. 


Fig. 2. Guinea-pig’s ileum preparation in 15 ml. bath. Assay of ganglionic inhibitors. Contractions 

in response to 40 yg. (upper tracing) and later to 30yg. (lower tracing) of nicotine in the 

_ absence (unmarked) or presence of different amounts of hexamethonium (He), p-tubocurarine 

(dT), or tetraethylammonium (Te) respectively. Four histamine responses between each 
nicotine effect have been omitted from the tracing (for details see text). 


In Table 1 is given the percentage reduction produced by 500 ug. D- tubo- 
curarine on the contractions of the various drugs examined on nine preparations. 
The average height of the tracings of the last two contractions immediately 
before, and of two to three contractions obtained during the action of p-tubo- 
curarine were measured from the smoked drum record at the end of the 
experiment. The table gives for each drug the doses administered, the average 
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Tax I. Percentage reduction produced by 500pg. p-tubocurarine of the contractions of the guinea-pig’, 
ileum to various drugs: (a) wg. or mg. of drug added to bath; (b) mean height of contractions in om, 
before p-tubocurarine, measured from tracing; (e) percentage inhibition produced by p- tubocurarine 


1 
Barium 
Acetylcholine choline Nicotine Histamine Choline Pilocarpine chloride 
No. (ag.) (ug.) (Ag.) (Ag.) (mg.) (ag.) (mg.) 


— — 
Exp. (a) () (eh © © @ © © @ © © © © (a) () 
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2 015 64 4 — — — 2 88 87 O15 66 15 
0-16 63 0 
3 025 7-7 58 O25 72 44 30 66 95 O15 8S 14 04573 45 4 86 55 0-6 42 93 
025 84 48° | 05 69: 1 06 92 48 10 110 % 
10 93 69 
4 025 83 2% O8 92 24 50100 97 125 70 14 — — — 62588 50 1-25 10-7 6 
: 02 80 2 
006 27 
5 72 2 0-07 35 26 
007 20 15 
6 008 16 
0-05 28 64 0-075 3-7 26 
0-05 40 70 0-05 19° 5 
Ol 52 61 
02 86 16 
05 85 11 
7 004 32 % OF 43 23. — — — 02 59 0 
67 46 O02 63 22 
04 92 16 O4 98 29 
8 005 36 33 OL 45 56 30 92 92 O15 44 0 
0-075 73 22 O2 82 2 1 63 0 
O02 86 23 04105 18 
9 O1 38 — — 6698 — —— — — 8 84 60 
0-25 69 32 i 5 63 16 


d-T. x . . T. d-T. 
OS mg. OSmg. OSmg. OS mg. OS mg. 05 mg. OSmg. O5Smg. 2 mg. 
Fig. 3. Guinea-pig’s ileum preparation in 15 ml. bath. Effect of D-tubocurarine (d- T.) on contrac- 
tions caused by 0-25 yg. histamine (Hist), by 50 ug. nicotine (Ni), by 0-25 pg. acetylcholine 
(Ach), by 0-6 mg. choline (Cho), by 0-25 yg. acetyl-8-methylcholine (Mecho), by 6-25 yg. 
pilocarpine (Piloc), and by 1-25 mg. barium chloride (Ba). | 3 
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heights on the tracings of the normal contractions and the percentage reduction 
produced by the p- tubocurarine. It will be seen that this reduction varied for 
the same drug in different preparations, but that, on the whole, all para- 
sympathomimetic drugs were affected to approximately the same degree. 
On the other hand, the BaCl, contractions were reduced to a greater extent. 
The 500 fg. D-tubocurarine affected the histamine responses slightly only, and 
the effect varied even on the same preparation. Sometimes there was a reduc- 
tion of up to 26 9%, sometimes there was augmentation. Both effects might be 
seen in the course of a single administration of p-tubocurarine. For instance, 
at the beginning of the experiment of Fig. 3 the histamine responses were 
reduced, but when the p-tubocurarine was washed out they were augmented. 
In other experiments it was observed that D-tubocurarine sometimes augmented 
the first but depressed the subsequent histamine responses. When the p-tubo- 
curarine was given several times in the course of an experiment, it might at one 
time reduce and at another time augment the histamine responses. For 
instance, at the end of the experiment of Fig. 3, the 500 ug. p-tubocurarine no 
longer depressed the histamine responses as it did at the beginning, but 
augmented them. 

The relatively large reduction in the responses of the parasympathomimetic 
drugs cannot be attributed to the ganglion paralysing action of p-tubocurarine. 
In that case it should be much smaller with acetyl-8-methylcholine, which 
only has a weak stimulating effect on autonomic ganglia. Furthermore, when 
the concentration of p- tubocurarine was increased two- to fourfold, the histamine 
responses were also always greatly reduced. This is illustrated at the end of the 
experiment of Fig. 3. Histamine, however, possesses no stimulating action on 
autonomic ganglia. | 
Lastly, it has been found that paralysis of the ganglia in the intestinal wall 
by other ganglionic inhibitors either had no effect, or had a smaller effect than 
D-tubocurarine, on the responses to the various parasympathomimetic drugs. 

The effect of p-tubocurarine on the responses to parasympathetic substances 
and to histamine resembles the action of atropine and is best explained by 
a weak atropine-like action of p-tubocurarine on the intestine. 


Drug responses after tetraethylammonium 

The results obtained with tetraethylammonium were essentially the same as 
those obtained by Collins (1948). The histamine responses were usually 
augmented, the responses to small doses of nicotine abolished, those to BaCl, 
greatly reduced, but those to the parasympathomimetic substances were only 
moderately depressed and this depression was not regularly obtained even in 
the same preparation on repeated testing. 

The reduction of the acetylcholine or pilocarpine response, when it occurred 
in the presence of 1-2 mg. of tetraethylammonium, was smaller than that 
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produced by 500 yg. of p-tubocurarine. For instance, in Exp. 3 of Table I, 
the reduction in the response to 6-25 yg. of pilocarpine, produced by p- tubo- 
curarine, was about 50 %, while that produced by 1-5 mg. tetraethylammonium 
was only 23 %. Even the small reductions produced by tetraethylammonium 


may not be wholly accounted for by removal of a ganglionic stimulating action, 


because hexamethonium, which is a stronger ganglion blocking agent, was less 


effective in this respect. 

In several experiments doses of tetraethylammonium (100-200 yg.) were 
used, which greatly reduced the responses to 25-50 yg. of nicotine. These doses 
of tetraethylammonium usually reduced the acetylcholine responses slightly, 
but sometimes not at all. In two experiments, however, they almost abolished 


them; again it remained doubtful whether this was the result of paralysis of 


the ganglion cells, because in the same experiment a dose of hexamethonium, 
which depressed the nicotine response as much as did tetraethylammonium, 
did not affect the acetylcholine responses. Nor did larger doses of hexametho- 
nium exert any effect. The result is illustrated in Fig. 4. | 


yg. 100 pag. tetra. 
* pig’s ileum preparation in 15 ml. bath. Effect of 40 ug. hexamethonium (C6) and 
ug. tetraethyl ium (Tetra) on responses to 40 yg. nicotine (Ni) and to 0-06 yg. 
acetylcholine (Ach). 


Drug responses after hecamethonium 


Parasympathomimetic drugs. In spite of the fact that hexamethonium is 
a much stronger blocking agent than tetraethylammonium for autonomic 
ganglia, and not only for those in the intestinal wall but for sympathetic 
ganglia as well (Paton & Zaimis, 1949), it affects the responses to parasym- 
pathomimetic drugs to a smaller extent than tetraethylammonium. On nine 
preparations the effect of 40-400 yg. hexamethonium was tested 23 times on 
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the responses to 0-05-0-15 yg. acetylcholine. They were augmented 8 times, 
remained unchanged 7 times and were reduced 8 times. In four of these the 
reduction was between 4 and 10 9%, in three between 10 and 16 %, and in one 
21 %. The effect might vary on the same preparation, so that in the course of an 
experiment augmentation and reduction were observed with the same dose of 


bexamethonium and of acetylcholine. In a few experiments in which the 


acetylcholine responses were reduced, the pilocarpine responses remained 
unchanged. This is illustrated in Fig. 5. Thus, stimulation of the ganglion cells 
either does not contribute at all to the contractions produced by the para- 
sympathomimetic drugs on the guinea-pig’s intestine, as is seen with 
pilocarpine, or contributes to a slight extent only, and even then not regularly, 
to the response, as is seen with acetylcholine. 


Ach. 006g. Hist. 006g. o. Bach O3 mg. Ni. 15p¢. 


Fig. 5. Guinea-pig’s ileum preparation in 15 ml. bath. Effect of 100 ug. hexamethonium (C6) on 
responses: (a) to 0-06 yg. acetylcholine; (b) to 0-06 ug. histamine; * pilocarpine; 
(d) to 0-3 mg. BaCl,; (e) to 15 yg. nicotine. 


Eserine. Acetylcholine is continuously released in the intestinal wall, and, 
when its destruction is prevented by eserine, causes contractions, Again, it has 
been found that ganglionic stimulation contributes only to a slight extent to 
these eserine contractions. When a few jg. of eserine are added to the bath and 
kept there for a few minutes, contractions like those seen in Fig. 6 are produced, 
and when eserine is given in this way at 20-30 min. intervals, comparable, if not 
identical, responses are obtained. 

In the experiment of Fig. 6, 4 ug. of eserine were given for 4 min. every 
20 min. in the absence (A and C) and in the presence (B and D) of hexa- 
methonium, added to the bath 10 min. before the eserine. The only difference 


seen in the tracings of A and B is the longer latency in the presence of the 
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ganglionic inhibitor. This delay in onset was frequently observed. Another 
frequent occurrence, illustrated by a comparison of C and D, was a reduction 
in the number and size of the troughs. The troughs are associated with con- 
tractions of the circular muscle layer. In the absence of hexamethonium, 
these contractions often spread in the form of peristaltic waves over part or the 
whole of the preparation, leading to emptying of the lumen. In the presence 
of the ganglionic inhibitor, strong contractions of the circular muscle layer 


Fig. 6. Guinea-pig’s ileum preparation in 15 ml. bath. Effects of 4 ug. eserine sulphate for 4 min. 
(Es); at A and C in the absence, at B and D in the presence of 200 ng. hexamethonium. 


also occurred after eserine, but they did not spread over the preparation in the 
form of peristaltic waves. . 

Potassium. Hexamethonium depressed the response to potassium in all 
experiments, but the degree of depression varied even in the same preparation 
on repeated testing. : | 

When the same dose of KCl is given several times, the response may vary 
greatly. This sometimes made it difficult to assess the effect of hexamethonium. 
Nevertheless, a certain reduction in the KCl response in the presence of hexa- 
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methonium was recognizable in most experiments. Good effects of this kind 
are seen in the two experiments of Fig. 7. In the first experiment, the response 
to 10 mg. KCl consisted of an immediate, quick contraction of the longitudinal 
muscle, followed by abrupt lengthening of the muscle, whilst the KCl was still 
in the bath. Strong contractions of the circular muscle occurred during the 
lengthening and were certainly partly responsible for it. In the presence of 
hexamethonium the contraction of the longitudinal muscle by KCl was reduced, 
the subsequent lengthening not so abrupt, and the contractions of the circular 
muscle were absent. When the dose of KCl was increased by 40 % in the 
presence of hexamethonium, the full original contraction of the longitudinal 
muscle was again obtained, but no contraction of the circular muscle occurred, 
and the longitudinal muscle remained relatively well contracted until the KCl 
was washed out. In the second experiment, 15 mg. KCl produced, after an 


<— KCl. 
15 mg. 15mg. 


4 


= 6 6 
Fig. 7. bas pe- eum preparation in 16 ml bath. Effect of 200 ug. hexamethonium on KCI 
: contraétions. Two experiments on different preparations. 
initial shortening, strong activity of the circular muscle layer, producing large 
excursions on the tracing. In the presence of hexamethonium the contraction 
of the longitudinal muscle was * reduced and the activity of the circular 
muscle nearly abolished. 

Barium. Of all substances examined BaCl,, apart from nicotine, was the only 
one whose effect on the intestine was regularly and greatly diminished by 
hexamethonium. 

Emmelin & Feldberg (1947) found that the responses to repeated administra- 
tion of the same dose of BaCl, vary greatly. This may be due to the fact that 
barium causes after-effects in the sensitivity of the intestinal muscle like those 
produced by nicotine. The difficulty could be overcome, to a certain extent, 
by having intervals between each administration of 10 min. or longer. The 
BaCl, responses consisted of shortening of the preparation, followed by strong 
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activity of the circular muscle layer. The effect of hexamethonium on these 
barium responses was nearly as great as its effect on the nicotine contractions. 
This result is illustrated in Fig. 5d. The main action of small doses of barium 
on the intestinal preparations is thus ganglionic in origin. 
Effect of herumethonium on spontaneous contractions 

A variety of spontaneous contractions are seen on the guinea-pig’s ileum 


preparation. Some of them, which are definitely ganglionic in origin, have 
a characteristic appearance. In the course of an experiment, particularly when 


Cé b 


Fig. 8. Lower end of guinea-pig’s ileum 
preparation in 15 ml. bath. Effect of 


200ug. hexamethonium on spon- 
C 
Fig. 9. Guinea-pig’s lower ileum pre- . 


hexamethonium (C6) on spontaneous 
contractions: a and c, without C6; 
b, 100 yg. and from arrow 400 ug. CG; 
d, 50 O6. Fig. 9. 


d 


the preparation has not been subjected to the action of drugs for some time, 
there may occur groups of single, spike-like contractions or contractions of 
a composite character. The spike-like contractions usually occur after a small, 
slow contraction and are terminated by abrupt lengthening of the preparation, 
which does not affect the slow contraction. Thus the spikes are often seen on 
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top of a well-defined, slow contraction, which forms a little triangular base or 
foot. When the spikes occur in groups, not all individual slow contractions give 
rise to a spike. These details are seen in Fig. 8. Hexamethonium abolishes the 
spikes, which are thus ganglionic in origin, but leaves the small, slow contrac- 
tions unimpaired (Figs. 8, 9 and 10). 


Fig. 10. Guinea-pig’s lower ileum preparation in 15 ml. bath. Effect of hexamethonium on 
spontaneous, and on acetylcholine and nicotine contractions. 


Typical composite contractions are seen at the end of Fig. 9 and in Figs. 8 
and 10. They are associated with strong contractions of the circular muscle 
layer which occur during, and are in part responsible for, the sudden lengthen- 
ings of the preparation. The composite contractions are abolished by hexa- 
methonium, and are therefore also ganglionic in origin (Figs. 8, 9 and 10) 

The two types of contraction of ganglionic origin just described occur 
frequently in preparations from the very distal ileum, about 1-2cm. away 
from the caecum. The experiments of Figs. 9 and 10 are from such preparations, 
and show how these contractions, like nicotine contractions, are abolished by 
hexamethonium but reappear some time after it has been washed out. 

On the other hand, the slow changes in tone of the longitudinal muscle, 
which are seen periodically in preparations from all parts of the ileum, are non- 
ganglionic in origin and occur in the presence of hexamethonium. The same 
applies in general to the weak motor activity which occurs in many preparations 
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and can consist of slow or quick, small contractions. Figs. 9 and 10 show such 
activity in the presence of hexamethonium. In some instances, however, 
hexamethonium abolished part of this activity. As this effect was not obtained 
regularly, and as the activity can diminish or stop spontaneously, the possibility 
that ganglionic stimulation sometimes participates in it is neither proved nor 
excluded. 

As mentioned previously hexamethonium, when given in strong concentra- 
tions, may itself produce regular, rhythmic contractions. They are much slower 
contractions than the sharp, spike-like contractions of ganglionic origin (see 
Fig. 96). | 

A 


Hi. Sp. Hi. 

Fig. 11. Guinea-pig’s ileum preparation in 15 ml. bath. Effect of 100 yg. hexamethonium (at B) 
on contraction to 0-06 yg. histamine, when strong spontaneous contractions of ganglionic 
origin are present (Sp). 

Hexamethonium proved a useful tool when assaying histamine on the 
intestine, in which the presence of ganglionic contractions rendered the assay 
difficult. In this condition the smooth shortening usually caused by histamine 
may suddenly be speeded up by a further sharp contraction of ganglionic 
origin. The response, therefore, varies according to whether such a ganglionic 
component is present or not. The addition of 100 ug. hexamethonium each time 
the bath is refilled, removes the ganglionic component and thus facilitates the 
assay. Fig. 11 shows a typical interference of ganglionic contractions in the 
histamine response, and its removal by hexamethonium; a similar result is seen 
for acetylcholine in Fig. 10. 
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Experiments on the rabbit's ileum preparation 

On this preparation the effect of one ganglionic inhibitor. only, hexa- 
methonium, has been examined in order to find out if it affects the responses to 
nicotine, acetylcholine, KC] and Bai. to the same extent as on the guinea-pig’ 8 
ileum. The results differ from those obtained on the guinea-pig’s ileum, in 
that the responses to acetylcholine are not affected at all, while those to KCI, 
on the other hand, are affected to a greater extent. In addition, stronger 
concentrations of hexamethonium are required to paralyse the ganglion cells. 

Spontaneous contractions. Hexamethonium does not affect the large, regular, 
rhythmic contractions of the longitudinal muscle which are characteristic of 
the rabbit’s ileum preparation. Superimposed on these, however, short, 
stronger contractions may occur at irregular intervals. These contractions 


Ach. Ach. 
Ach. Ach. 


Fig. 12. Rabbit's ileum preparation in 15 ml. bath. Effect of 600 ug. hexamethonium (C6) on 
contractions produced by 0-2 ug. acetylcholine (Ach), 10 mg. KCl, 25 ug. nicotine (Ni) and 
Img. BaCl, (Ba). 


were sometimes abolished by the hexamethonium (600 Ag.). But as this result 
could not be obtained regularly, even on the same preparation, no definite 
conclusions could be made about their origin. 

Nicotine. Hexamethonium reduces or abolishes nicotine contractions but 
larger doses than those effective in the corresponding experiments on the 
guinea-pig’s ileum are usually required. The response to 10-40 yg. nicotine 
was almost abolished by 600 yg. of hexamethonium (Fig. 12). 

Acetylcholine. Whereas the response to small doses of acetylcholine on the 
guinea-pig’s ileum was slightly reduced in about a third of the experiments, 


this was not so on the rabbit’s ileum. There was only once, in one preparation, 


a very small reduction of the response to 0-2 ug. of acetylcholine. Subsequent 


repeated testing with hexamethonium (600 yg.) no longer reduced the acetyl- 


choline responses on this preparation, the only effect being a slight augmenta- 
tion of the first two or three acetylcholine responses after washing out the 
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hexamethonium. In four other preparations hexamethonium (600 yg.) never 
reduced the acetylcholine (0-2-0-4 ug.) responses, although it practically 
abolished much stronger nicotine contractions (Fig. 12). Thus, on the rabbit's 
ileum a nicotine-like’ effect does not contribute to the acetylcholine contractions. 

Potassium chloride. Hexamethonium affects the KCl contractions of the 
rabbit’s ileum more than those of the guinea-pig’s ileum. The effect is therefore 
easily demonstrable, in spite of the fact that the contractions to the same dose 
of KCl often vary greatly on repeated administration. In the absence of 
hexamethonium the KC! contractions are associated with strong contractions 
of the circular muscle layer, which may spread from the stomach end like 
a peristaltic wave over the whole length of the preparation, interrupt the 
shortening of the preparation, and produce on the record a trough followed by 
renewed shortening. These circular contractions are abolished by hexa- 
methonium, and the shortening also is either greatly reduced or abolished. 
The effect of hexamethonium on the KCl response is sometimes as strong as 
its effect on the nicotine and barium contractions, as illustrated in the experi- 
ment of Fig. 12. This figure shows, further, that by increasing the dose of KCl 
by 40 % a strong, and maintained contraction can again be obtained in the 
presence of hexamethonium. 

Barium chloride. The first effect of a small dose of BaCl, often consists of 
an increase in the amplitude of the rhythmic contractions only, which may 
remain partly augmented after the BaCl, has been washed out. With larger 
doses of BaCl, there is intense shortening of the preparation, followed after 
10-15 sec. by strong contractions of the circular muscle. These contractions 
may spread as peristaltic waves from the stomach end over part or the whole 
of the preparation, and may cause emptying of the contents of the lumen; 
they account for the troughs seen in Fig. 12 during the barium effect. Alter- 
natively, the circular muscle layer may remain tonically contracted until the 
BaCl, is washed out, which usually leads to a period of greatly increased 
rhythmic contractions. In fact it has been noted that a preparation previously 
relatively inactive will exhibit, after repeated administration of BaCl,, pro- 
nounced rhythmic activity for a long time. 

Hexamethonium thus abolishes more or less completely both the contractions 
of the circular muscle layer and the shortening of the preparation produced by 


small doses of BaCl,, the only remaining effect being an increase in the 
amplitude of the rhythmic contractions (Fig. 12). 


Effect of barium chloride on synthesis of acetylcholine 
Ambache’s observation that BaCl, accelerates the synthesis of acetylcholine 
in pieces of guinea-pig’s intestine, incubated in bicarbonate-free, oxygenated 
Locke solution, was not confirmed even when his experimental technique was 
followed in all details. The results are given in Table 2; they confirm those of 


| 
| 
i 
1 
| 

ine 


GANGLION-BLOCKING SUBSTANCES ON INTESTINE 501 


Emmelin & Feldberg. In Exp. 1 of Table 2 the acetylcholine yield from the 
barium-free sample was as great as that from the barium-treated sample; in 
Exp. 2 it was even greater. This difference is explained by the individual 
variations which occur in the acetylcholine yield from different samples of 
incubated pieces of the same intestine and which, according to Emmelin & 
Feldberg, probably also account for the effects attributed by Ambache to 
histamine and barium. 


Tax 2. Effect of barium chloride on synthesis of acetylcholine in incubated strips of 


guinea-pig’s small intestines 
Content of acetylcholine (4. /g. tissue) 
No. Weights of 3 After 40 min. incubation _ 
of guinea-pigs Initial r A — 
Exp. (g-) content Without barium With barium 
1 400 400 7-2 11-0 11-0 
2 700 800 9-0 14-0 11-5 
DISCUSSION 


The experiments described in the present paper were performed for two reasons: 
(1) to test the validity of recent arguments of Ambache (1949) against certain 
of the conclusions drawn by Emmelin & Feldberg (1947), and (2) to seek by 
new methods further evidence about his original suggestion (1946) that 
a ganglionic component may be involved in the contractions produced by 
various drugs. To some extent evidence in favour of this suggestion was 
obtained. 

As far as the first point is concerned, the results of Emmelin & Feldberg have 
been confirmed and the arguments brought forward against their conclusions 
shown to be invalid. The following is a short summary of the main facts 
concerned. 

(1) The greatly reduced sensitivity to acetylcholine of the intestinal pre- 
paration after large paralysing doses of nicotine is not due to removal of 
a ganglionic stimulating action of acetylcholine, as claimed by Ambache, but 
is the result of a reduced sensitivity of the muscle fibres, since the preparation 
is then less sensitive to histamine as well. 

(2) There is no evidence for the assumption made by Ambache that the 
histamine contractions of the intestine are in part due to an effect on nerve 
endings. Against this assumption stands the observation that the histamine 
contractions are not reduced by cocaine in doses which abolish equally strong 
nicotine contractions. 

(3) If the histamine contractions are fully explained by its action on the 
smooth muscle fibres, the potentiation of drug responses by small doses of 
eserine cannot be regarded, as is done by Ambache, as evidence for the parti- 
cipation of a nervous component in the mode of action of a drug, because the 
histamine response is also potentiated by eserine. 


— 


‘ 
. — — 
2 
li 
if 
4 
ag 
% 
5 
a 
1 
7 
* 
* 
* 


502 | W. FELDBERG 


(4) The failure of Emmelin & Feldberg to confirm that barium accelerates 
the synthesis of acetylcholine in incubated strips of intestine is not due to 
differences in method, as suggested by Ambache. In the present experiments 
his method has been followed in all details, but barium produced no acceleration 
of the synthesis of acetylcholine. 

(5) The fact that a substance is known to have a stimulating action on the 
cat’s superior cervical ganglion does not justify the conclusion, made by 
Ambache, that the contractions it produces on the intestinal preparation must 
also, at least partly, be ganglionic in origin. Pilocarpine stimulates the 
superior cervical ganglion in the cat, but so far no evidence has been obtained 
for a ganglionic component in the pilocarpine contractions of the guinea-pig’s 
intestine. This naturally does not exclude the possibility that, given in suffi- 
ciently large amounts, pilocarpine may stimulate the ganglion cells of the 
myenteric plexus; it only shows that no ganglionic component contributes to 
the contractions produced by small doses of pilocarpine. 

Not only is it unjustifiable to infer an action on the gut from an action on the 
superior cervical ganglion, but to anticipate similar mechanisms in the guts of 
different species is also dangerous. For instance, in a certain number of 
experiments performed on the guinea-pig’s intestine a slight ganglionic 
component was found to contribute to the acetylcholine contractions, but this 
was never found on the rabbit’s intestine. On the other hand, in the rabbit 
ganglionic stimulation was found to contribute to a much greater extent to the 
potassium contractions of the intestine than in the guinea-pig. 

When assaying the effects of ganglion-blocking substances on the intestine it 
is necessary to be certain that no other effects are produced, otherwise wrong 
conclusions may easily be drawn. The unspecificity of the nicotine paralysis 
has been dealt with; p-tubocurarine was also found to have, apart from its 
ganglion-blocking effect, a depressant action on smooth muscle fibres resembling 
a weak atropine-like effect. On the other hand, the results obtained with hexa- 
methonium appeared to be specific for ganglionic paralysis. A reduction of 
an intestinal contraction by hexamethonium was therefore taken as evidence 
for removal of a ganglion-stimulating effect. 

In making such a general conclusion one must be aware, however, of the 
danger involved when trying to establish a kind of ‘ pharmacological histology’, 
i.e. of attributing the action of a drug to a specific histological structure on 
account of the fact that its action is influenced by another drug. In the case of 
hexamethonium it would be difficult to explain the results in any way other 
than by ganglionic paralysis. We do not actually know whether all ganglionic 
stimuli are blocked to the same extent by hexamethonium; the block, although 
it affects such divergent stimuli as nicotine and barium, is certainly not absolute 
but can be overcome by increasing the dose of a given ganglion stimulator. 
Therefore the possibility exists that some of the drug responses remaining after 
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hexamethonium are still partly ganglionic in origin. These reservations have 
to be kept in mind when the following conclusions are made. 

Ganglionic stimulation did not account for any part of the pilocarpine 
contractions of the guinea-pig’s intestine, whereas in several cases such a mode 
of action was responsible, to a small extent at least, for the acetylcholine 
contractions of the intestine of the guinea-pig, but not of the rabbit. Ganglion 


stimulation, on the other hand, contributed regularly to the contractions 


produced by potassium; this contribution was small on the intestine of the 
guinea-pig but large on that of the rabbit. In both intestines ganglion stimula- 
tion accounted for the main response to small doses of barium. To this extent 
the results agree with Ambache’s original conclusions. Furthermore, it was 
shown that certain characteristic, spontaneous contractions of the intestine 
are ganglionic in origin. 

The fact that, at least in the guinea-pig, ganglion stimulation contributed to 
a small extent, in a number of experiments, to the acetylcholine contractions, 
is of interest in connexion with the continuous release of acetylcholine in the 
intestinal wall. Evidence has recently been brought forward (Feldberg & Lin, 
19496, 1950) that this spontaneous release may be non-nervous in origin. It 
may well be that the acetylcholine so released provides not only a physiological 
stimulus for excitation of the smooth muscle fibres and gland cells, but also for 
the ganglion cells; alternatively, it may lower their threshold for excitation by 
other means. The effect, however, is not pronounced because paralysis of the 
ganglion cells by hexamethonium did not greatly influence the eserine response. 
It caused only a slight delay in onset of the eserine contractions of the longi- 
tudinal muscle without affecting their strength, but it diminished the contrac- 
tions of the circular muscle layer which occurred at the height of the eserine 
response. 

The most surprising result was the fact that the barium contractions resulted 


to a great extent from stimulation of the ganglion cells of the myenteric plexus. 


In this action barium resembled nicotine more than any other drug so far 


examined on the intestine, although it apparently lacked the paralysing action 


on ganglion cells. The ganglion-stimulating effect of the barium was unexpected 
because, in the assay of spasmolytic drugs on the intestine, barium is commonly 
used as a means of producing atropine-resistant muscle contractions. In view 
of the new finding that the contractions to small doses of barium are mainly, 
even if not wholly ganglionic in origin, this test for spasmolytic drugs needs 
reinvestigation. 

In preliminary experiments, it was indeed shown that the contractions to 
barium are more resistant to atropine than those to acetylcholine, although 
they are reduced by atropine to a certain extent. This relative atropine 
resistance of the barium contractions can be explained on the assumption that 
when acetylcholine is released from the nerve-endings in close contact with the 
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muscle fibres, it is less affected by the atropine than when applied to the outside 
of the preparation in the bath fluid. There is, however, another possible explana- 
tion which, although anything but proved, would correlate a number of 
divergent facts. The increased release of acetylcholine from the stomach and 
intestine on vagal stimulation could be accounted for by release from cholinergic 
preganglionic fibres only; the postganglionic fibres have never been shown to be 
cholinergic and, indeed, it may be postulated that they liberate on excitation 
an atropine-resistant substance. Vogt (1949) has given evidence in favour of 
such an assumption. He found that vagus stimulation to the frog’s stomach 
caused an increased release of an atropine-resistant, smooth muscle stimulating 
substance, which he thinks is identical with the ‘P’ substance of von Euler & 
Gaddum (1931). On this assumption, stimulation of the nerve cells of the 
myenteric plexus by barium would naturally also cause the release of the 
atropine-resistant substance, and the atropine resistance of the barium effect, 
as well as of vagus stimulation, would be explained. Only further experiment 
can decide how far this explanation is valid. 


SUMMARY 


I. There is no evidence that the histamine contractions of the guinea-pig’s 

small intestine preparation are in part the result of stimulation of nerve endings 
in the intestinal wall. The contractions are not reduced by cocaine in concentra- 
tions which abolish equally strong nicotine contractions. 

2. When assaying ganglion-blocking substances on the ileum preparation, 
care has to be taken to find out if these substances have additional side effects. 
For instance, the reduced sensitivity of the intestinal preparation to acetyl- 
choline after large paralysing doses of nicotine is not the result of ganglion 
paralysis because, in this condition, the sensitivity to histamine is reduced as 
well. Similarly, the reduction in the responses to parasympathomimetic drugs 
found after p-tubocurarine is probably not the outcome of its ganglion-blocking 
effect. In strong concentrations p-tubocurarine appears to have, in addition, 
a weak atropine-like effect on the intestine. On the other hand, the effect of 
hexamethonium in reducing the responses to various substances seems to be 
entirely the result of ganglion paralysis. 

3. The potency of ganglion-blocking agents has been assayed on the guinea- 
pig’s ileum by comparing their effects in reducing the response to a given 
small dose of nicotine. In order to exclude errors due to changes in sensitivity 
of the muscle fibres, each nicotine response is interpolated by three histamine 
responses, so that changes in sensitivity of the muscle fibres are recorded and 
can be taken into account. With this procedure it was found that, weight for 
weight, the ganglion-blocking potency on the myenteric plexus of hexa- 
methonium iodide was about 6 times as strong as tetraethylammonium iodide, 
and about 2-2} times as strong as p-tubocurarine chloride. 
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4. Blocking the ganglia by hexamethonium did not reduce the pilocarpine 
contractions of the guinea-pig’s ileum preparation; therefore ganglion stimula- 
tion did not contribute to these. 

5. Blocking the ganglia by hexamethonium did not reduce the acetylcholine 
contractions on the rabbit’s ileum preparation, but slightly reduced them 
in a number of experiments on the guinea-pig’s ileum preparation. Ganglion 
stimulation, therefore, sometimes contributed to a small extent to the acetyl- 
choline contractions of the guinea-pig’s ileum. | 

6. Blocking the ganglia by hexamethonium regularly reduced the potassium 
contractions on the ileum preparation. The effect was small on the guinea-pig’s 
intestine and great on that of the rabbit. Ganglionic stimulation, therefore, 
contributed to the potassium contractions of the ileum in a degree which varied 
with the species. 

7. Blocking the ganglia by hexamethonium greatly reduced the barium 
contractions of the guinea-pig’s and rabbit’s ileum preparation; these contrac- 
tions were therefore mainly, although not wholly, ganglionic in origin. 

8. Blocking the ganglia by hexamethonium made it possible to differentiate 
between spontaneous contractions of ganglionic and non-ganglionic origin. 
Those of ganglionic origin were characterized by quickness of contraction and 
relaxation, and appeared either as single spikes superimposed on small, slow, 
non-ganglionic contractions, or as composite contractions. 

9. No evidence could be found that barium accelerates the synthesis of 
acetylcholine in incubated strips of guinea-pig’s intestine. 
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The human erythrocyte, though non-nucleated, maintains a sodium concentra- 
tion which is considerably lower than that of the surrounding medium and 
a potassium concentration which is much higher. This it can only accomplish 
at a sufficiently high temperature and in the presence of glucose (Harris, J. E., 
1941) or certain other sugars (Maizels, 1951). If the cell is cooled, poisoned or 
deprived of glycolysable substrate, the internal concentrations tend to approach 
those of the external phase. This property of maintaining concentration 
differences in suitable circumstances is common to most, if not all, cells and it 
is now well known that the differences cannot be ascribed to ions being fixed in 
some way within the cells, for the use of radio-active tracers shows that internal 
ions exchange, often quite rapidly, with externalions. Mullins, Fenn, Noonan & 
Haege (1941) measured the exchange of potassium ions in a number of different 
species of erythrocytes and also the exchange of sodium in cat erythrocytes: 
the permeability of human erythrocytes to sodium does not appear to have 
been measured hitherto and methods by which this may be done are considered 
below. 

Recently the rate of exchange of the internal potassium has been remeasured 
by Sheppard & Martin (1950), and by Raker, Taylor, Weller & Hastings (1950). 


Measurement of permeability 
The permeability equation which describes the rate of change of the internal 
concentration of an ion as a function of time, of the external concentration 
[Nae] and of the internal concentration [ Nai], may be written 
dl Nai dr =k, [Nac]—k, [Nai], (1) 
where k, = K, (surface area)/cell volume, and k, = K, (surface area)/cell volume. 
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Ki and K, are the inward and outward permeability constants. The inward 
flux of sodium per unit area is KI [Nae] and the outward flux, K, [Nai] (cf. 
Conway, 1947; Harris & Burn, 1948, 1949). Throughout the present paper 
k, and i are called the transfer constants; they may be converted to permeability 
constants means of the factor r* 10“ cm., using Ponder’s (1948) e for 
human cell size. 

The transfer of sodium between cells and the surrounding medium may be 
followed by direct chemical analysis or by the use of isotopes. The former 
method entails studying a system in which cell sodium content changes. This 
may be effected by storing cells in the cold so that their sodium content is 
raised, transferring to a glucose-containing solution at 37° and following active 
loss of sodium analytically. The permeability equation may then be integrated 
provided that (a) the constants do not alter when [Nai] alters; (b) K, and K, 
(and hence k, and k,) are constant during an experiment conducted at constant 
temperature and with an external phase so large as to be practically unaffected 
by cell changes. Under these conditions integration gives: 


k, [Nae] —k, [Nai], 

n [Nae] [Nail 

[Nai], = initial cell sodium concentration and [Nai], cell sodium concentration 
after ¢ hr. incubation. 

If the final value which [Nai] would attain under the experimental conditions 

can be found, it becomes possible to eliminate k,, for at equilibrium the two 

fluxes become equal, k, [Nae] =k, [Nai]... and the following equation is obtained 


(2) 


[Nail [Nai] 
[Naila [Nail (3) 
where [Nail is the cell sodium concentration at infinite time. It follows that 
k, = (4) 


These equations can be used to calculate i and thence ki, the [Nai le values 
being obtained from an extrapolated time curve of cell sodium changes. 

When isotopes are used it is possible to operate under such conditions that 
the chemical concentration of sodium in the cells is constant, for the flux can 
be found either (a) by observing the uptake of labelled sodium (denoted 
Na*) from a solution containing Na* (the uptake being accompanied by an 
equivalent loss of Na), or (b) observing the loss of Na“ (in exchange for Na) 
to an unlabelled solution, from cells first prepared by soaking in a labelled 
solution. These procedures have the advantage over the ‘chemical method’ 
because, as we have said, cell sodium may be kept constant throughout the 
experiment and so possible changes of the constants with alterations in 
the concentrations of cell sodium are avoided. With loss of Na* to an un- 
labelled external solution, the integral of the permeability equation becomes 
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— ket =In[Na;*],/[Na;*],, and with gain of Na“ from a labelled external 
solution, —kt=In (1—[Nai*],/[Nai],), (Harris & Burn, 1949). We have made 
measurements on batches of cells by the three methods in order to compare 
the range of results. When using the isotope method the function of concentra- 
tion is plotted against time on logarithmic graph paper and from the resulting 
line, k, is obtained. 
METHODS 
Chemical method for determining permeability to sodium 
This was carried out in a manner similar to that described by Flynn & Maizels (1949). Cells were 
cold-stored (4-6°) for 6 or 7 days with a modified plasma containing initially Na, 150 m.equiv. /. 
and K, 3 m. equiv. /I. By the end of the storage period cell Na had risen by about 30 m.equiv. and 
K fallen by about 25 m.equiv., while in the somewhat larger volume of plasma there was a 
corresponding fall in Na of about 17 m.equiv. and a rise of K to 14. If it be desired to prevent rise 
of cell Na, a large volume of lithium chloride may be added to the blood at the beginning of cold- 


Before incubation, supernatant plasma may be removed from the settled cells and the actual 
volume and composition of the cells measured by centrifuging the deposit. 5 ml. deposit are then 
added to 7 ml. KCl (0-15), 30 ml. Nadi (0-15x), 3 ml. Na, HPO, (O- and 0-4 ml. glucose (50 %). 
To check excessive fall of pH by the end of the experiment, 0-25 ml. NaOH (0-45n) was also added, 
giving an initial cell pH of about 7-9. In some cases where it was desired to vary Na in the external 
medium, a proportion of LiCl (0-15x) was added instead of NaCl. All systems were rocked during 
incubation. Sodium in the cells was estimated either by a modification of Salit’s (1932) method 
or by a flame photometer 


(1) By following the wptake of radio-sodium. Before following uptake of radio-active sodium from 
a solution containing a suitable concentration, the cells were kept in an inactive medium so that 
their sodium content might become as steady as possible. For experiments at 37°, it sufficed to 
keep fresh blood for a few hours in order to reduce the sodium concentration to between 8 and 
10 m.equiv./l. cell water; with stored blood (where the sodium content is high) incubation over- 
night gave a concentration between 15 and 25 m.equiv. These levels were subsequently maintained 
during an incubation period of several hours, provided conditions did not become unfavourable. 
For experiments at 4° the cells were obtained from blood which had been stored at 4° for a week. 

The actual uptake of radio-sodium was measured from a medium containing NaCl, 118 m.equiv. /1.; 
KCl, 4-6.m.equiv./l.; Na,HPO,.2H,0, 17-3 m. mol. l. and glucose, 20m.mol./1. The pH was 
adjusted to 7-4 by an initial addition of acid, followed by the addition of a few drops of alkali 
during the course of the experiment to maintain approximate constancy of reaction. Cell samples 
were taken at intervals, twice washed in a centrifuge tube with isotonic glucose solution to remove 
adhering fluid and spun for 10 min. at 3000 r.p.m. before measuring the volume. The cells were 
then haemolysed in 2 ml. water and the radio-activity assayed in the liquid counter described by 
Harris (1949). A suitable dilution of the external ‘soaking in’ solution was also assayed in the 
same counter. Corrections for blank, decay and resolving time of the scaler were applied as 
necessary and the amount of sodium in the cells which had been derived from the external solution, 
was computed. 

(2) By following the loss of radio-sodium from prepared cells. This alternative method was preferred 
for most measurements, because it avoids errors introduced by the presence of a relatively 
strongly radio-active external medium. The cells were prepared by incubation overnight at 37° in 
a solution containing some radio-sodium. The adhering solution was removed by a wash with 
glucose solution and the cells were then suspended in a medium free from radio-sodium, at 37°, so 
that the radio-sodium tended to leave the cells for the external medium. By the use of a volume 
of fluid fifty times that of the cells, and bearing in mind the low volume concentration of sodium 
in the cells, it is reasonable to regard the external solution as remaining free of radio-sodium during 
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an experiment lasting 4-6 hr. In practice, it is convenient to add some fresh warm stock medium 
at intervals, as this helps to keep the pH constant and to keep the external radio-sodium con- 
centration at a negligible level. 

Using this method, it is not necessary to wash cells before haemolysing and counting their 
residual sodium, unless it is also desired to carry out a chemical analysis for sodium. In the latter 
event, a wash with glucose frees the cells from sodium present in the intercelbular fluid of the packed 
cell mass and makes any correction for this unnecessary. Washing in glucose, however, is not 
without risk of removing internat sodium and it is open to question whether its use is to be preferred 
to a correction based on the assumption that intercellular plasma constitutes 3 % of the packed 
cell volume and has the same composition as plasma in bulk. 


RESULTS 


In most experiments some adjustment of the acidity of the systems was required : 
in some cases this was controlled by measuring the pH of the external medium 
and in others, the pH of the cells after haemolysing in four volumes of water. 
Where necessary, the relation of one to the other is indicated in the text. 


é Sodium transfer followed by analysis 

Cold-stored blood: incubation system weakly buffered. In the first series of 
experiments followed by the method of chemical analysis, blood that had been 
cold-stored for 7 days was used. Each specimen was divided into four samples 
subjected to different treatment: 


Composition of cold-storage Composition of incubation 
medium — m. equiv./l. medi — A 
Sample Na K li Na K 1 
(a) 145 3 0 130 20 0 
(0) 3 80 180 20 0 
(e 145 3 0 55 20 15 
4 65 3 80 55 20 75 


It will be noted that the tonicity of solutions poor in sodium is made good 
with lithium which may ultimately reach a level of 20-30 m. equiv. /I. cells and 
is then a complicating factor whose effects require fuller investigation: pre- 
liminary experiments suggest that its rate of escape from human red cells is 
much less than its rate of entry. 

The sodium concentrations in incubated cells were estimated at intervals 
up to 24 or 28 hr. and the approximate value of [Na;]., at infinite time is found 
by extrapolation. From a curve (Fig. 1) one may also determine the time 
(t „) for cell sodium to fall midway between the values at t=0 and t=; 
it then follows from equation (3) that — 2. this is called %). 
k,(50%) may be calculated from equation (4) and similarly %,(75 9%) and 
k,(75 %) may be calculated from the time taken for the cells to accomplish 
75 % of the total output. Of course, ki and k, have been assumed to be constant 
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Time (hr.) 
Fig. 1. The sodium concentration in the cell water during incubation of cold-stored cells in 
a medium with 130 m.equiv. Na ſl. and in a medium with 55 m.equiv. Na/1. plus 75 m. equiv. Li / l. 
The lower curve refers to cells which had been cold stored in the lithium medium. 


TaBLE I. Cell and plasma Na concentrations and transfer constants r and Es of human 
erythrocytes at 37°. Cold-stored 7 days before incubation 


(Weakly buffered systems) 
Experi- Cell J [Na] 47 (50%) (75 9%) hy (50%) (75 90) 
Time Na a ( 5 
ment pH  m.equiv./l. m.equiv./l. Fir. —1 hr. hr. —1 
la 0 7-88 128 77 
4 7-62 130 51 | 
8 737 130 37 0-014 0-014 0-14 ul4 
14 7-19 131 21 
24 6-91 131 16 
1b 0 7-87 126 19 
4 7-70 126 14-5 
8 7-55 126 13-3 ? ? ? ? 
14 7-39 126 11-3 
24 708 126 111 
le 0 7-82 57 77 
4 7-68 59 35 
8 7-45 59 27 0-018 0-013 0-20 0-17 
14 7-25 60 10 : | 
24 6-97 60 6-1 
ld 0 7-87 54 19-2 
4 7-71 54 11-8 
8 7-61 53 5-2 0-013 0-015 0-15 0-20 
14 7:34 53 5-3 
24 7:14 53 4-3 


Cell Na concentrations corrected for intercellular plasma Na. In 1), [Na,] at 0 and 24 hr. are 
too close together for the constants to be obtained accurately. 
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TaxIx 2. Summary of results of measurements of the transfer constants k, and E, 


by chemical methods 
(Blood cold-stored 7 days before incubation: systems weakly buffered) 
[Na,]. Initial 
Experi- equiv./ 47 (50%) (78 9% hy (50 Neil 
m. . m.equiv. 75 
la 128 77 0-014 0-014 0-14 0-14 0-11 
b 126 19 ? ? ? ? 0-085 
c 57 77 0-018 0-013 0-20 0-17 0-085 
d 54 19 0-013 0-015 0-15 0-20 0-08 
2a 132 61 0-013 0-017 0-12 0-16 0-11 
b 126 30 0-016 0-017 0-13 0-14 O11 
e 59 61 0-013 0-017 0-11 0-14 0-08 
d 54 30 0-016 0-019 0-14 0-17 0-10 
3a 121 57 0-030 0-032 0-23 0-25 0-13 
b 115 18-5 ? ? ? ** 0-12 
0 58 57 0-050 0-050 0-28 0-28 0-13 
d 54 18-5 0-028 0-028 0-20 0-20 0-13 


In Exp. 15 and 88, cell sodium concentrations at 0 and 24 hr. were too close to permit accurate 
determination of the constants. 


in order to integrate the differential equation; divergences between the values 
obtained at 50 % output and 75 % output show, in fact, that the equation 
cannot be strictly applied, probably because of pH changes in the incubated 
systems and because of incomplete metabolic adjustment in red cells with- 
drawn from circulation. In practice, constants calculated at 50 % output 
are preferred because at this point errors in the sodium estimations have less 
influence and moreover, a comparatively large error in the extrapolated figure 
for [Na,] will not seriously alter the values of k, and k,: thus errors of 30% 
in [Na,] in the two upper curves of Fig. 1, give rise to errors of only 10 % in 
the constants. 

Table 1 shows the results of four sets of observations on a specimen of blood 
kept under the conditions (a), (ö), (e) and (d) described above and Table 2 
summarizes this and two other experiments. It will be noted that though the 
systems are moderately buffered, the cell pH falls by about 1 unit during 
incubation, but in spite of this and of experimental errors there is fair agree- 
ment between the various values obtained for the constants in a given sample 
of blood for differing periods of incubation and with varying cell and plasma 
concentrations; further, it may be noted here that examination of cells used in 
Exp. 2 by the tracer method gave k, = 0-023 hr. 1 and k, = 0-20 hr. l. 

Another point emerges from Table 2: as cells transport Na to the plasma, 
the plasma Na rises, and if the cell and plasma sodium concentrations are 
plotted against time and extrapolated to infinity, the values for these at 
infinite time may be obtained and hence their ratios. The figures for these are, 
of course, quite rough, but the last column of Table 2 does suggest that for 
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a given blood, irrespective of the initial values of cell and plasma sodium 
concentrations, the ratio of these concentrations tends to approach constancy 
during incubation. 

Fresh blood: system well buffered. This blood though called ‘fresh’ was 
sometimes collected in the evening, stored overnight in the cold and examined 
next day. The use of fresh blood has the following advantages: it is likely to 
retain its vitality longer than stored blood and as initial cell Na is not high, 
the fall to equilibrium during incubation should be accomplished more quickly 
than with stored cells. The simplifying effects of working at constant pH are 
obvious: this constancy was achieved by incubating 1 part of cells in 100 parts 
of saline buffered with one-tenth its volume of phosphate (0-1m.). The external 
medium of this system was not more heavily buffered than that of systems 
already described, but as there was so much more of the medium relative to 
cells, tendency to shift of pH was less: even so pH did tend to fall and this was 
controlled by adding alkali from time to time. The time curves obtained with 
blood so treated were not always as simple as expected. In some cases there 
was no fall of Na,, and in others there was a moderate diminution during the 
first 8 hr. incubation, followed by a gradual rise (Fig. 2). The fact that Na, 
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Fig. 2. The sodium concentration in the cell water during incubation of cells from freshly drawn 
blood at various pH. The figures indicate the values of pH during the run. 


passes through a minimum is paralleled by the passage of K, (the internal 
potassium) through a maximum at about the same time, e.g. Ponder (1950) 
finds a maximum at 10 hr. When the sodium content fails to come down to 
a steady value it is impracticable to calculate the transfer constants; evidently 
one or both vary during the experiment. One curve in Fig. 2 does reach a 
constant value and here calculation gives k,=0-019 hr.-!, and k,=0-23 hr. -I, 
figures similar to those found in other experiments. 

pH and sodium excretion in well-buffered systems. Though in general it has 
proved difficult to measure by the chemical method the transfer constants for 
fresh blood it has been possible to show the effect of pH on the nett output of 
sodium. The output of sodium was maximum when the cells were incubated 
in a medium of pH between 7-1 and 7-4; outside the values 7-0 and 7-5 the 
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output diminished sharply. The inverse correlation between Na, and K, again 
is manifest in this fact, for both Flynn & Maizels (1949) and Ponder (1950) find a 
maximum potassium accumulation when the external pH is between 7-2 and 7-6. 

In view of the small and poorly maintained fall of sodium obtained by 
incubation of fresh blood, time curves were prepared for the sodium content of 
cells which had first been cold stored (Table 3 and Fig. 3). The runs were made 
at various pH, and calculation of the constants shows that the inward transfer 


Tam 3. pH and transfer constants of stored blood cells measured by the ‘chemical’ method. 
Incubation plasma, [Na] = 145 and [K]=4-6 m. equiv. /l. 


Days cold- pH during 50 50 
Sample storage — (00 
1 7 7-62 + 0-05 0-033 0-205 
7 7-52 + 0-03 0-030 0-22 
7 7:37 +0-02 0-025 0-20 
7 7-02+40-03 0-023 0-145 
2 9 7-65 + 0-05 0-041 0-22 
9 7-48 + 0-08 0-032 0-23 
9 7:35 +0-07 0-027 0-22 
9 6-93 + 0-05 0-026 0-155 
3 3 7-52 +0-03 0-037 0-202 
3 7°29 40-05 0-030 0-215 
3 6-84 + 0-02 0-025 0-164 
60 
55 
50 
45 
40 
35 


[Na] m.equiv./l. 


8 8 8 


Hours 
ofl, call {Ra} of stored blood incubated in, wol-bulfered media 
Cell pH at 0 hr. 4 hr. 75 hr. 24 hr. 
„ 7-66 7-57 7-62 7-59 
7-55 7-49 7-51 7-48 
A 7:39 7:35 7-38 7:37 
O— — — 7-05 7-05 6-99 7-05 


cells at various pH. 
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constant (ki) increases progressively with rising pH, especially above 7-3, 
whereas the outward transfer constant (k,) is maximum at 7-3-7°5. 

Transfer constants at 4° C. of cold-stored cells. An experiment was performed 
in which the cell sodium was observed at intervals during storage at 4° C., 
whole citrated blood being used. Under these conditions glycolysis and 
presumably active transport are virtually stopped. It has been shown (Maizels, 
1943) that after 6-8 weeks’ cold storage the cell sodium concentration tends to 
equality with the plasma sodium concentration. If then [Na, J. is taken equal 
to [Na,] the two transfer constants are equal, and the value they have is much 
less than the value of either at 37° C. 


of / 
m.equiv. 

at 4° I. water k, hr. 1 =k, hr.-! 
0 23-5 — 
5 46 0-0020 
6 49-5 0-0020 
9 60 0-0020 

14 70 0-0017 


Sodium transfer followed by radio- sodium 7 
Most of the following experiments with radio-sodium involved two or more 
parallel runs using the same blood in different media, for the purpose of com- 
parison. In a given standard medium, the values of the constants governing 
the exchange of sodium vary greatly, different bloods presenting individual 
variations. This is shown in Fig. 4, illustrating the results of loss of Na* from 
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Fig. 4. The diminution in the content of labelled sodium during incubation of different specimens 
of cells at pH c. 7-4 under approximately steady state conditions. The points © refer to fresh 
cells prepared by incubation with radio-sodium overnight and the points @ to cells cold- 
stored for 1 week and then incubated overnight with radio-sodium. 
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several samples of cells which had previously been incubated overnight with 
Na“. The soaking-out solution (described under Methods’) contained Na, 
135 m.equiv./l. Temperature was kept at 37° and the pH of the medium adjusted 
to 7-440-1 by the addition of alkali as required. 

From the time taken for Na* to fall to 1/e of its initial amount, the constant 
k, was evaluated. The concentration of [Nai] in the cell fluid could be deter- 
mined either by chemical analysis, or from the Na* content of the cells following 
incubation with Na*, assuming in the latter case that all the sodium is inter- 
changeable: in some experiments [Na,] was measured by both methods and good 
agreement usually obtained. The value of k, was calculated from equation (4); 
results on four different fresh bloods and one stored blood are shown in 
Table 4: all were incubated for 16 hr. in fluid containing Na“, before ‘soaking- 
out’ for varying periods. It will be seen that the transfer constants vary from 
blood to blood, but the range is comparable to that found when the constants 
are estimated by the ‘chemical’ method. 


TaBLeE 4. Values of transfer constants in different bloods: radio-sodium technique 
employed at 37°; pH 7-4 (approx.) 


m.equiv. 

Sample hr. hr. cell water 
Fresh cells 0-030 0-38 10-5 

* 0-022 0-15 20 

50 0-013 0-20 9 

1 0-024 0-24 13 
Stored cells 0-025 0-27 12-7 


(Note. All cells equilibrated with radioactive solution at 37° before ‘soaking out’ in non-radio- 
active medium.) 


TaBLE 5. Effects of pH and external potassium concentration on transter constants at 37° 


Potassium 
p of medium 
no. medium m. equiv./ l. hr.-* hr.-* m. equiv. /I. 
1 74 4-6 0-013 0-20 9 
6-8 4-6 0-010 0-105 13 
2 75 4-6 0-012 0-15 11 
70 4-6 0-010 0-10 13 
3 7-4 4-6 0-015 0-23 8-8 
78 4-6 0-015 0-23 8-8 
7-4 4-6 0-030 0-38 10-5 
7-4 0-1* 0-019 0-195 13-5 
5 7-4 4-6 0-015 0-23 8-8 
7-4 1-9 0-015 0-23 8-8 


* External potassium concentration which had started at O, increased to 1 m.equiv./l. at the 
end of incubation owing to loss of K from the cells. 


The effects of pH on the transfer constants is shown in Table 5. There are 
three experiments on different bloods and in each the constants at a standard 
pH are compared with those found at some other pH level. Thus, in nos. 1 and 3, 
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the standard pH is 7-4 in the medium (corresponding to about 7:2 in cell 
haemolysate) and it will be seen that cells suspended in media between pH 6.8 
and 7 (corresponding to cell pH values of about 6-7 and 6-9) show a definite 
decrease in both constants. The decrease in &, is the greater and hence [Na,]., is 
higher at low pH than it is in the physiological range. 

Transfer constants at low temperatures. These have already been determined 
from the results of chemical analysis, but this involved the assumption that 
at 4° the two constants were equal. The constants may also be determined by 
the tracer method, without the assumption of equality. Thus equation (1) 
shows that when the internal concentration of radio-sodium is small, the term 
k, [Na;*] may be neglected by comparison with k, [Nae*], (the asterisk indicating 
that only sodium labelled by its quantitative association with a known degree 
of radio-activity is being considered) and hence it follows that 


[Na,*] (at time t) = Na.“. 
Cells stored at 4° in Na“ solution (132 m. equiv./l.) 
[Na, “] [Nai] 

Time (hr.) m. equiv./l. A. EI br. 
0 0 39-0 — 
3-1 2-25 39-6 0-0054 
5-25 2-43 40-0 0-0035 
70 4-60 40-0 0-0050 

22-7 11-4 47-1 0-0037 


If alternatively, one relies only on the chemical analyses of column 3 and 
assumes as before that i and i are equal at low temperatures, the. value 
obtained for the constants is 0-0042 hr. 1. The agreement between results 
obtained by the radio-sodium and ‘chemical’ methods suggests that the 
assumption of equality of constants at 4° is valid. 


Effects of fluoride on transport 

The addition of fluoride to incubated fresh blood in buffer shows that for 
about 2 hr. cell sodium remains unaltered; thereafter, there is a gradual 
increase of cell Na, most marked between 4 and 8 hr. (Fig. 5), the general 
increase being greatest in those systems containing most fluoride. In some 
cases the higher concentrations of fluoride cause haemolysis during the second 
half of incubation and in this case the sodium curves instead of tending to 
flatten out, show a more acute rise after 10 or 12 hr. incubation. 

The type of curve does not allow of the calculation of k, and k, by the 
‘chemical’ method; but radio-sodium permits of an evaluation. With a fluoride 
concentration of only 2 m.equiv./l. effects on the constants are slight or absent, 
but with 4 m.equiv./l., though no changes are observed for the first 2 hr. of 
incubation, subsequent effects are quite marked: k, progressively falls and its 
value is 0-01 hr. 1 compared with the normal for this blood of 0-195. Reference 
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to Fig. 5 shows that [Na,] at 9 and 24 hr. is respectively 35 and 53-5 m.equiv./l.; 
if one assumes that in the presence of fluoride at a concentration of 4 m. equiv./l. 
active cation transport is abolished, there may be obtained from the preceding 
figures, a value of ki equal to 0-013 hr. -a figure which is only slightly less 
than the control value of 0-017 found with radio-sodium. It thus appears that 
an adequate fluoride concentration (probably about 5 m.equiv./l.) abolishes 
active sodium transport so that k, and , become simple diffusion constants, 
k, tending to become equal to k,. The elevation of the fluoride level to 
8 m.equiv. may be accompanied by some haemolysis and in this case k, may 
increase above the value in fluoride-free systems. 


[Na] m.equiv./t. 


i 1 i i i i i . SEE — 
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Action of fluoride and external potassium on [Na,] of incubated cells: 
| — Fluoride [K.] 


0 * 0 ” ” 0-3 ” 
D 4 ” 4-6 ” 


Fig. 5. The sodium concentration in the cell water of cells from freshly drawn blood incubated 
with fluoride in the medium (B and D), or in a low potassium medium (C), compared with the 
standard medium (A). 


Effects of potassium on transport | 

Dirett analysis shows that when in a rocked system with a large volume of 
medium, external potassium falls below 1 m.equiv./l., output of sodium is no 
longer apparent and at still lower concentrations cell sodium actually increases 
(Fig. 5). It is difficult to define external potassium precisely because although 
the initial concentration may be very low, the value after 18 hr. incubation may 
rise to somewhere between 0-3 and 1 m.equiv./l.—presumably because of 
leakage from the red cells or because of actual lysis. Because [Na,] rises when 
external potassium is low and cannot be extrapolated to infinity, the effect of low 
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potassium levels on the transfer constants cannot be measured by the ‘chemical’ 
method but the use of radio-sodium shows that when external potassium falls 
from 4-6 to 1-9 m. equiv./ l. the constants are unaffected (Table 5, no. 5), but 
when the external level is about 1 m.equiv., ki and especially & fall (no. 4). 


DISCUSSION 


The present experiments have as their objects the measurements of the exchange 
constants for sodium under various conditions and a consideration of the 
applications of the ‘chemical’ and tracer methods. Clearly, the former is the 
less satisfactory because the period of observation is of necessity longer and the 
maintainance of a constant pH presents difficulties, which are, however, not 
insuperable. More serious is the progressive failure of metabolic activity after 
8 or 10 hr. incubation—a failure which is clearly implied in Fig. 2 by a pre- 
liminary fall in the curves followed by a gradual rise. The fact that points in 
Fig. 5 no longer fall on a straight line after a lapse of 4-6 hr. might also be 
thought to imply a failure of metabolism, but an alternative explanation is 
possible. The age of red cells in the circulation varies between 0 and 100 days 
and it may be assumed that metabolic activity will vary with age. Hence, the 
value of k, found at the beginning of an experiment is only an approximate 
mean of the k, values of all the cells in the sample. When, however, the experi- 
ment has been in progress for a sufficient time, the more active cells will have 
exchanged nearly all their Na* so that their contribution to the sodium efflux 
as observed by changes in radio-activity is not taken into account. The cells 
with the lower k, values on the other hand still contain Na*, so that the efflux 
of Na* tends eventually to become characteristic of the less active cells. 
Accordingly, it is safer to base discussion of metabolic failure on the type of 
curve shown in Fig. 2. 

The cause of this metabolic failure in erythrocytes outside the body is by 
no means clear. It may be correlated with a fall in phosphoric esters from 
50 to 30 mg. % or less and with a decline in adenosine triphosphate. Further, 
it is possible that breakdown of phospho-creatine may be a dominant factor, 
for Ling & Gerard (1949) have shown that the resting potential of isolated 
muscle is correlated with the content of phospho-creatine and since this 
potential is itself a measure of the efficiency with which a muscle maintains 
a low sodium level against a contrary gradient, it is reasonable to expect 
a similar relation in other cells. However this may be, any failure of meta- 
bolism must of necessity give values for [Nai J. which are too high and will be 
a source of error in estimating constants by the ‘chemical’ method. The 

‘chemical’ method can also only be applied to experiments where there is 
a considerable fall in cell sodium during incubation and hence, though it may 
be used for stored blood, it is hardly applicable to fresh cells whose sodium 
concentration falls little or not at all during incubation. Further, even with 


| Z 
W 
li 
1 
ii 
| 
iW 
il 


ERYTHROCYTE PERMEABILITY TO SODIUM 519 


stored blood, output of sodium at 37° involves a complementary input of 
potassium, the latter becoming a complicating factor which may invalidate 
the application of a simple integral to the calculation of transfer constants. 

For all these reasons, the tracer method is to be preferred to the ‘chemical’ 
especially as the shorter period of observation minimizes changes in transport 
activity with time. In the present experiments blood was collected in the 
evening and equilibrated overnight with Na“ Cl at 37° before ‘soaking out’, 
thus involving observations on cells which were no longer working at maximum 
activity. But this is not essential and when blood is available earlier in the 
day, short exposure to Na“ CI (in vitro or in vivo) would suffice and is to be 
preferred. It will be realized that the method is applicable to fresh blood and 
since changes in cell sodium and hence of potassium are minimal, simple 
integration is permissible. 

Below are given the transfer constants of several bloods, whose cells were 
examined in parallel by the two methods and the agreement is perhaps as good 
as can be expected when one recalls that the techniques differ in duration of 
exposure and in the incubation media employed and that the ‘chemical’ method 
has special sources of error not present in the tracer method. At least the 
results are of the same order of magnitude, and it is clear that different batches 
of cells show wide variations in the constants. 2 


Tracer method ‘Chemical’ method 

Blood k, br. E. hr. k, ky hr. 
i 0-023 0-20 0-016 0-14 
2 0-011 0-12 0-014 0-10 
3 0-017 0-19 0-014 0-15 
4 0-021 0-14 0-025 0-16 


Hitherto, we have considered the transfer constants k, for inward transfer 
and k, for transfer outwards. To convert these to permeability constants it is 
necessary to multiply by a factor which takes into account cell volume and 
surface area. Mullins et al. (1941) give Ff * 10-* cm. for this factor but it 
would probably be more accurate to use Ponder’s (1948) data for wet cells 
giving * 10-4. The factor is not likely to vary much for different batches 
of normal cells, but for pathological erythrocytes variations might be con- 
siderable and since the measurement of cell dimensions in wet preparations is 
difficult, it has seemed simplest to use figures for surface area derived from 
dried films, figures which if not absolutely accurate, probably bear a close 
relation to the true surface area. Hence, in calculating permeability constants 
the value 1 x 10-4 cm. has been used in normals because it is comparable with 
data which can be obtained by the simplest methods in pathological bloods. 
Calculated in this way, the inward permeability constant, K,, of fresh and 
stored cells at 37° commonly lies between 0-6 x 10-*cm./hr. and 1-6 x 10]. /hr., 
while the outward constant K, commonly lies between 0-6 x 10-° cm./hr. and 
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16x 10 om. hr. At 4° the two constants approach equality at about 
2-5 x 107 cm. /hr. 

Lithium. It is interesting to note that lithium has little effect on the transfer 
constants of sodium and it follows as a corollary of equation (4) that whatever 
the initial concentrations of cell and plasma sodium may be, at equilibrium the 
ratios of these two must be constant: this is supported by Tables 1 and 2 and 
confirms a suggestion made previously on less adequate data by Flynn & 
Maizels (1949). Analysis of cells after cold-storage with lithium chloride 
solution (80 m.equiv./l.) showed a lithium content of 25 m.equiv./l. which was 
only slightly diminished on incubation in a lithium-free medium, implying 
that reversal of lithium transfer is quite incomplete and that *, for lithium 
approaches zero. It is hoped to investigate this matter more fully when a flame 
photometer becomes freely available. 

pH. The effects of this on cat erythrocytes have been described by Davson & 
Reiner (1942) and on human cells by Flynn & Maizels (1949), all these writers 
recording what is, in effect, the summation of pH effects on k, and k, as shown 
by cell sodium changes. The effects on the individual constants may be deter- 
mined on stored blood by the ‘chemical’ and tracer methods and on fresh cells 
by the tracer method. With fresh cells examined by the tracer technique in 
a plasma pH range between 7-8 and 7-0 (corresponding to a cell range of about 
7-5-6-9) effects are slight or absent. Below pH 7, the influx decreases tending 
to increase output, but the efflux itself tends to fail and on balance less sodium 
is excreted by the erythrocytes than in the physiological pH range. It has not 
been found possible to separate the effects of high pH on the transfer constants 
by means of tracers, owing to the poor buffering in alkaline systems and the 
tendency for the pH to fall because of glycolysis, in spite of frequent additions 
of alkali: these difficulties of pH control are well illustrated in systems examined 
by the ‘chemical’ method where although the amount and strength of the 
buffer was much greater than that used in the tracer technique, the main- 
tainance of a constant pH was not wholly successful (Table 3 and Fig. 3). 

With stored blood examined by the ‘chemical’ (cell pH being measured) 
method, the influx increases with rise of pH (Table 3) more especially above 
pH 7:3 (approx.) while the efflux remains fairly constant within this range, 
tending to fail in less alkaline systems as the pH falls below 7 and possibly failing 
also above pH 7-4. It is suggested, however, that these findings may need 
qualifying for the following reasons: at relatively high pH glycolysis in erythro- 
cytes is active and phosphorolysis slow and as a large excess of glucose is added to 
bloods, their cell enzyme systems may be expected to remain active for a relatively 
long time; at low pH, on the other hand, glycolysis is slow and phosphorolysis 
active and since the supply of phosphoric esters is limited, a short period of 
effective enzyme activity is likely to be followed by premature metabolic failure. 
If this be so, then the values for Nail. at low pH are likely to be too high and 
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since ¶ Na. jo and [Na;], are both unaffected by late metabolic failure (t is usually 
less than 6 hr.) it follows that k, and k, both tend to be too high at low pH (cf. 
equations (4) and (3)) and that increase in k, at high pH is greater than appears, 
while k, does not really fall slightly as pH rises from 7:3 to 7-6 (Table 3) but 
actually. remains constant or even increases. If the latter statement were 
correct, then it would probably be true to say that k, and k, both vary directly 
with pH—a statement which is in fact already confirmed by tracer experiments 
for the less alkaline part of the pH range (Table 5). 

The clinical results of change of pH in disease are presumably not due to 
individual effects on k, and I, but to the summation of these effects as mani- 
fested by nett change of sodium transfer. Thus though the actual value of k, 
may fall by 50 % as the pH of the external medium falls from 7-4 to 6-8 
{corresponding to a fall in cell pH from 7-25 to 6-75), the value of [Na;]., rises 
by only 4 m.equiv./l. (Table 5): under similar clinical circumstances red cell 
sodium and potassium contents would change respectively from 10 and 
100 m.equiv. to 13 and 97 m. equiv. /I. If as pH falls, the body cells in general 
show similar changes, then one must look elsewhere for the potassium depletion 
vhich is known to occur in the acidaemia of diabetes (Butler, Talbot, Burnett & 
MacLachlan, 1947) and of infantile diarrhoea (Darrow, 1948). It is probable 
that the depletion depends on decreased base-binding by haemoglobin at low 
pH and more especially on increased phosphorolysis with loss of up to half of 
the non-permeant phosphoric esters within the erythrocytes. 

Fluoride. The effect of pH on sodium transport is probably an expression of 
the existence of an optimal reaction for certain enzyme processes and especially 
for glycolysis and phosphorylation. This view is supported by the action of 
metabolic poisons, for while cyanide and azide have little action on cation 
transport, fluoride and iodoacetate inhibit, the inhibition being paralleled by 
inhibition of glycolysis (Maizels, 1951). Present work shows that when the 
effect of time on the inhibition of transport by fluoride is examined, there is 
an initial period of about 2 hr. when the transfer constants (as determined by 
tracers) is unaffected, even when the fluoride concentration is as high as 
5 m.equiv./l. Thereafter, k, (the outward constant) falls while ki is little 
affected, though it may be expected to rise with still higher concentrations of 
fluoride, whose presence is associated with some degree of haemolysis. The 
‘chemical’ method confirms these observations, showing an initial period when 
cell sodium remains practically unaltered, followed by a steady rise (Fig. 5). 
Similar findings were described by Davson (1941) for rabbit corpuscles. It is 
suggested that during this initial non-inhibitory period enough high-energy 
phosphate bond compounds are present in the cell to energize transport. 

Owing to the rising curve of cell Na in fluoride systems, the chemical’ 
method is not adapted to measuring both k, and k,. But tracer experiments 
suggest that with a fluoride concentration of 4 m.equiv./l. very little active 
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transport remains. If it be assumed that with a concentration between 5 and 
6 m.equiv./l. transport is abolished, then time curves with fluoride such as are 
shown in Fig. 5, may be used to calculate k, from the ordinary permeability 
equation and k, follows from equation (4): 


sodium concentration of fresh plasma 
x sodium concentration of fresh cells 


It follows that in any animal species k, may be determined from the known 
sodium concentrations of plasma and erythrocytes in fresh untreated blood, 
provided that ki is estimated from a fluoride time curve on whole blood. 
In those species whose cell sodium is naturally high, it will be necessary to 
measure loss of sodium to a suitable sodium-poor medium, it being assumed 
that in the presence of fluoride the inward transfer constant equals the outward 
constant. This assumption is a source of weakness in the fluoride method, as 
is the assumption that active transport is in fact always abolished by a fluoride 
concentration of 5 to 6 m.equiv./l. Theoretically, abolition of transport could be 
ensured by using very high concentrations of fluoride (say 0-OI M.) but such 
concentrations are apt to cause lysis and will increase k, above the physiological 
value. Though determination of k, from a fluoride time curve and the known 
composition of normal blood may lack quantitative precision, it should have 
a qualitative value and enable one to determine, for example, if the high 
Na/K ratio of ox cells were due to a high influx or a low efflux of sodium. It 
has been suggested elsewhere (Maizels, 1949) that one, or other, or both of 
these factors may determine the Na/K ratio in the red cells of different species. 

Potassium. It has been seen that output of sodium is unaffected by the 
external potassium concentration till this falls to between 1 and 2 m.equiv./I. 
When the value falls below 1 m.equiv., cell sodium rises above the initial incuba- 
tion level. The findings might suggest that potassium catalyses sodium transport, 
byt if this be so then the catalysing action must be exerted on the cell exterior, 
for when external potassium is less than 1 m. equiv. / l., cell potassium may still 
exceed 60 m. equiv. However, in view of the probability that glycolysis, 
phosphorylation and cation transport are located at some site other than the 
external surface of the cell (Maizels, 1949) a catalysing action by potassium 
seems unlikely. The effects of potassium concentration on transfer may pro- 
bably be explained in terms of the energy required to transport a positively 
charged ion from the interior to the exterior of the cell. 

Correlation of transfer constants. If red cells are exposed to severe injury active 
transport ceases and permeability is increased. If, however, the cells are merely 
placed in conditions which are only a little outside the physiological range, it is 
usual to find that „h decreases and that k, also decreases—though not to the 
same extent. This is the case when external potassium falls below 1 m.equiv./l. 
(Table 5 and Fig. 5) and also when cell pH falls below 7 (Table 5). Above pH 7-6 
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the inward diffusion constant increases and it is possible, though not certain, 
that outward transfer also increases: at least there is no decrease in I (Table 3). 
There is thus some correlation between the transfer constants, and this is also 
apparent in the bloods of Tables 2 and 3 which were incubated under more 
physiological conditions than the preceding: here cells having a naturally high 
inward transfer constant also had a high outward constant and a cell batch 
having a low inward constant also had a low outward constant. 

The parallelism between k, and k, in active cells may arise from one of 
several reasons: (a) There is a single mechanism for transport in either direction 
such as might occur with Lundegardh’s rotating molecule system, carrying sodium 
in and out. However, even if one assumes the absence of a pore mechanism for 
sodium penetration, and still more if one assumes its presence, it becomes 
impossible to explain how more sodium is transferred from the low cell to the 
high plasma level, than passes in the reverse direction. (b) The parallelism of 
constants might be due to simple physical agencies affecting the rate of sodium 
return to the cell. Thus, it is possible that the reciprocal effect of cell sodium on 
cell potassium concentration and hence on the membrane potential, acting 
together with the concentration gradient for sodium, suffices to increase the rate 
of return of sodium to the cell when transport outwards tends to rise, and to 
decrease the return when transport fails. An example of the control of the 


sodium excretion by the potassium concentration in the medium is provided 


in the Exp. 4 in Table 5. As we do not know the law relating the energy 
requirement of the sodium excretion with the sodium and potassium contents 
of the cell the adequacy of the explanation cannot be tested. It is noteworthy 
that only the logarithms of the sodium and potassium concentration ratios 
enter into the usual calculation of the energy requirement of sodium excretion, 
and it would require a very great change in the actual ratios to compensate for 
& twofold variation in the inward transfer constant, such as is found between 
different specimens. There is, however, quantitative evidence that the transfer 
tate of potassium depends more upon the potassium content than would be 
the case if the rate depended upon the logarithm of the concentration ratio. 
Ponder (1950) quotes a maximum net rate of potassium accumulation of nearly 
5 m. equiv./l. cell water x hr., with [K,] about 98 m.equiv./l. The exchange rates 
of radiopotassium found by Sheppard et al. and Raker et al., correspond to 
& potassium flux for cells in the steady state of only about 2 m.equiv./l. cell 
water x hr. Bearing in mind that Ponder’s figure is the difference between rates 
of inflow and outflow it is inescapable that the actual influx of potassium into the 
cells at the beginning of incubation (when ¶ Ki] is about 98 m.equiv./l. cell water) 
exceeds 5 m.equiv./l. x hr. This value must fall as [K;] builds up to the steady 
state value. It would appear profitable to study the potassium transfer constants 
as a function of [Ki] in order to elucidate their dependence upon the 
Concentration ratio. 
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SUMMARY 


1. Two methods are described for measuring transfer constants of sodium 
in human erythrocytes, one based on simple chemical analysis and the other 
on the assay of radioactive sodium. On the whole the methods give comparable 
results. 

2. In fresh or cold-stored blood examined at 37°C. the inward transfer con- 
stant (k,) commonly varies between 0-01 and 0-025 hr. 1 and the outward (k,) 
between 0-1 and 0-25 hr. 1. The respective permeability constants are obtained 
by multiplying these figures by the surface/volume ratio of the cells. At 4° 
the transfer constants become roughly equal and were about 0-004 hr. 1. 

3. Over a fairly wide range between 7 and 7-5, the transfer constants are 
unaffected by change of pH; below this range both constants decreased, 
especially ki, and hence output of sodium was less efficient. Between pH 7-5 
and 7-8 both constants increased and more especially ki, so that output of 
sodium by the cells decreased. | 

4. Fluoride in a concentration up to 5-6 m.equiv./l. eventually decreased 
the outward transfer after a delay of 1-2 hr., leaving the inward transfer little 
affected. | 

5. With low external potassium concentrations the transfer constants were 

unaffected until the external potassium concentration fell below 1 m.equiv./l. 
when ki, and especially k,, both decreased, giving a net increase in cell sodium. 

6. When one transfer constant of a specimen (at 37°) is found to differ from 
the normal, the other is found to differ in the same direction, i.e. the sodium 
content of the cells tends to be less variable than the transfer constants. 


Our thanks are due to Miss E. M. Clarkson and Messrs G. P. Burn and Y. A. Habib for assistance 
with experiments. 
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VASOMOTOR PHENOMENA IN CEPHALOPODS 


By Z. M. BACQ anp Fr. GHIRETTI 
From the Laboratory of Comparative Physiology, University of 
Liege, Belgium, and the Stazione Zoologica in Naples, Italy 
(Received 30 September 1950) 


During our studies on the external and internal secretions of the perfused 
posterior salivary glands of the cephalopods (Octopus macropus, O. vulgaris, 
Eledone moschata) we have observed changes in the circulation under the 
influence of the electric stimulation of the secretory nerves of these glands and 
we have demonstrated the existence of intense vasomotor phenomena in these 
invertebrates. 
METHOD 
The technique of isolation and perfusion of the posterior salivary glands of the octopods has been 
published by one of us (Baoq, 1950) and shown in a film at the recent XVIIIth International 
Physiological Congress at Copenhagen (17 August 1950). The glands are isolated and perfused 
through their arteries under constant pressure of sea water at room temperature. The perfusate 
is collected in a funnel and the falling drops registered. The common excretory duct is opened, and 
put on stimulating electrodes connected with an induction coil. In Octopus macropus it is possible 
to introduce in this duct a fine platinum canula and to collect easily the excreted saliva. It is 
difficult, if not impossible, to get better conditions of stimulation. The secretory nerves run into 
the wall of the excretory duct which (at least in O. macropus) is contractile. A secretion of saliva 
or a change in perfusion rate cannot be obtained without a contraction of the duct; unfortunately 
we do not know of a substance which would act in the molluscs as curare does in vertebrates; so 
far, it has proved impossible to dissociate by pharmacological means the motor actions from the 
‘Secretory or vasomotor phenomena. 
RESULTS 


In Octopus macropus, at the beginning of the experiment, as soon as the per- 
fusion becomes stable, nerve stimulation stops the circulation (Fig. 1A and B). 


Generally, only one drop of sea water falls after the beginning of the stimulation 
and the arrest lasts 5-10 sec. after the end of the stimulation. During the 
stimulation, the glands are obviously contracted as observed by Bottazzi (1921) 
and shown by our film. The gland possesses muscular fibres which seem to be 
in more intimate contact with the secretory cells than with the vessels (Joubin, 
1887-90). When the circulation is resumed, it is accelerated, but this secondary 
‘vasodilator’ effect does not last more than 10-15 sec. 
When the experiment is prolonged and stimulation repeated, the effects, 
‘constrictor’ as well as ‘dilator’, decrease in intensity. The perfusion is no 
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longer completely stopped; the increase of flow after the stimulation is less 
striking (Fig. 1C). If one adds to the perfusion fluid a small amount of cepha- 
lopod saliva, the rate of flow slows down, and the constrictor and dilator actions 
of nerve excitation are as intense as at the beginning of the perfusion. 

In O. vulgaris, the effects of faradic stimulation of the excretory duct are 
mainly ‘dilator’ at the end or even during the stimulation (Fig. 2A and C); 
this acceleration of flow is so intense that a stimulation cannot stop it (Fig. 2 B). 
We never failed to obtain an increase of flow when we stimulated the nerves 
on the duct. 

In Eledone moschata it seems that vasodilator actions are also predominant, 
but our experience is limited to three pairs of glands of this species. 


Fig. 1. Perfused posterior salivary glands of male Octopus macropus; weight of glands, 10-5 g.; 
temperature, 15° C.; pressure, 20 cm. of sea water; time in 15 sec. In A and B, 5 min. after 
the beginning of the perfusion, faradic stimulation of the excretory duct stops the circulation ; 
seven drops of saliva excreted during each of these stimulations. In C, 24 hr. later, the same 
stimulation has smaller action on perfusion rate; three drops of saliva excreted. 


Fig. 2. Perfused posterior salivary glands Of @ male Octopus vulgaris; weight of giands, 2-1 g.; 
temperature, 20° C.; pressure, 37 cm. of sea water; time in 30 sec. Tracings are obtained 
(at 10.39) 50 min. after the beginning of the perfusion and after several stimulations. In A, 
faradic stimulation of the common excretory duct increases the rate of flow after a short 
decrease; stimulation in B still accelerates the circulation. In C, 7 min. later, when the rate 
of flow has come back to normal, same effect of stimulation as in A. 


DISCUSSION 


The existence of ‘vasomotor phenomena’ or, if one prefers, of changes in per- 
fusate output during nerve excitation in cephalopods, seems undeniable; but 
it is difficult to give a clear interpretation of our results. 

Alexandrowicz (1928) has observed nerves and nerve-endings in vessels 
(mainly arteries) of the cephalopods; capillaries also might have a nerve supply ; 


2 
rae 
* 
i 
F 8 ¥ * 
4 3 
P 
* 
* = 
1 — 
Be 
9 
— 


VASOMOTOR PHENOMENA IN CEPHALOPODS 527 


no nerve cells were seen in the wall of the arteries. Unfortunately, Alexandro- 
wicz has not studied the posterior salivary glands, the microscopic anatomy of 
which is curious and barely outlined by past work (see Joubin, 1887-90). There 
seem to be in these glands muscle fibres which are connected with the secretory 
cells and are not in the wall of the vessels; the contraction or the relaxation of 
these muscle fibres might alter the calibre of the vessels and consequently the 
rate of perfusion. This interpretation is possible in Octopus macropus where the 
contraction of the gland is so obvious during the stimulation; in O. vulgaris, 
where the phenomenon of increase of flow is so intense, and where the contrac- 
tion of the gland is not seen with the naked eye, the same interpretation seems 
less plausible. 

One might argue that two substances are released during nerve stimulation: 


a g constrictor substance, rapidly eliminated or unstable, and a dilator substance 


active during a longer time. We have evidence that stable sympathomimetic 
amines (tyramine and other amines) known to be present in the glands, are 
liberated in the perfusion fluid (as well as in the secretion fluid) during and 
after electric stimulation of the common duct. Acetylcholine also is present 
in the nervous system and the salivary glands of O. vulgaris as shown by 
Bacq (1935) and Bacq & Mazza (1935). But the reactions of the vascular bed of 
these glands to amines, choline esters, eserine and ions are not yet known, and 
we prefer to postpone the discussion on possible chemical transmitters until 
we know more about the pharmacology of these glands. 

It seems certain, in the light of our physiological observations, that a careful 
histological study, showing how in this curious organ glandular and muscle 
cells are integrated with the vessels and nerves, would give interesting results, 


SUMMARY 


Electric stimulation of the secretory nerves of the perfused posterior salivary 
glands of cephalopods (Octopus macropus, O. vulgaris and Eledone moschata) 
results in slowing, followed by acceleration, of the circulation. This fact, however, 
does not prove beyond question the existence of true vasomotor nerves because 
of the existence within these glands of many muscle fibres not related with the 
vessels. 


The authors wish to thank Dr Dohrn for his kind interest in this work and for providing ample 
facilities. 
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DIURNAL RHYTHM IN URINE FLOW 
By J. N. MILLS 


From the Department of Physiology, r 


(Received 20 October 1950) 


Diurnal fluctuations of temperature and of sleepiness and wakefulness have 
been intensively studied (Kleitman, 1939), and have been shown to persist 
independently of any external rhythm for some time. The diurnal rhythm of 
urine flow has, however, received much less attention. With the recognition 
that many variations of urine flow are due to varying secretion by the posterior 
pituitary, determined in turn by variations in hypothalamic activity, a reinvesti- 
gation of the existence or otherwise of an intrinsic rhythm in urinary flow 
appeared desirable. 

Many external factors which vary more or less regularly over 24 hr. affect 
urine flow, such as intake of food and fluid, exercise, sleep, external temperature. 
It was felt that 48 hr. was the shortest period in which a regular rhythm could 
satisfactorily be shown, and that the maintenance of absolute constancy of the 
external variables over this period would both be difficult and deter possible 
subjects. It was decided therefore to live on a 12-hr. cycle of meals, sleep, etc. 
and to observe any variations of urinary flow at corresponding times in successive 
cycles. 

Conditions were chosen in which it would be easy to reverse ordinary habits 
of waking and sleeping, and thus to find out how easily any inherent urinary 
rhythm might thereby be disturbed. 


METHODS 


The author and five students were the subjects of the experiment. This was conducted in a remote 
and uninhabited shepherd’s cottage on the island of Arran at about midsummer, which in 1950 
ceincided-with a full moon. It was hoped thereby to minimize variations of temperature and illu- 
mination, as well as any possible psychological effect of contact with other people living on a 24-hr. 
cycle. On clear nights it was never completely dark but there were some hours of deep twilight, 
whilst on cloudy nights there were 2 or 3 hr. of darkness. 

For 48 hr. a 12-hr. cycle was repeated approximately as follows: 

34.30, cook and eat main meal. 

4.45-8.45, sleep. 

9, eat a light snack. 

9.30-11 or 11.30, gentle walk. 
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12-3, recumbent but awake, measuring rectal temperature and urinary volume every 3 hr., 
and urinary specific gravity when volume permitted. 

Subjects rose to a kneeling position to void urine, and one or another occasionally walked across 
the room to empty receptacles. 

Fluid intake, water and milk, was measured and exactly repeated at the corresponding time in 
the next 12 hr., as was water used in cooking, and the quantity of solid food. The total fluid 
ingested in 12 hr., including that used in cooking, was for different subjects between 680 and 950 ml. 
Little or none was consumed after 10. 

Throughout the 48 hr. no tea, coffee, cocoa, etc., aloohol or other drugs were consumed, nor 
tobacco smoked. 

This 48 hr. is referred to as Period 

The subjects then lived for 6 days on an inverted routine, interchanging habitual a.m. and p.m. 
activities and leading a fairly regular life but otherwise exerting no particular control over their 
_ activities, which were usually mountain or other walks in fine weather and short strolls and card 
games in wet weather. 

The 48-hr. routine was now repeated. The meals and fluid intake were not identical with those of 
Period A, but they were again identical for any subject in each successive 12 hr. Fluid intakes per 
12 hr. ranged from 800 to 1300 ml. This is referred to as Period B. 

Some weeks later the subject M alone repeated the 48-hr. routine in a basement room in the 
laboratory from which daylight was excluded, and into which little noise or other evidence of 
thythmic human activity penetrated. The routine only differed in that the observations began at 
3 p.m. instead of a.m. and the subject took after his main meal a standard exercise of 10 min. 
duration and spent the time from 9 to 11.30 in desk work. The critical period of measurement, from 
12 to 3, was spent lying back in an easy chair, in which position the bladder could be emptied and 
the volume and specific gravity measured and recorded. Electric light and heater were switched on 
during the waking, and off during the sleeping, hours. Room temperature varied over a range of 
2° C., with no regular differences between night and day. 

Urinary specific gravity was measured with a floating urinometer. Rectal temperature was read 
from a clinical thermometer inserted for most of its length, and repeatedly reinserted until a constant 
reading was attained. 

The small-sample technique of Fisher (1941) has been used in assessing the significance of 
differences between means. The conventional meaning of ‘significant’, P<0-05, and ‘highly 
significant’, P< 0-01, has been used. 


RESULTS 


(a) Period A. In Fig. 1 are shown the mean hourly urine flows between 
12 and 3 for each subject. Those on subject G were obtained in the less 
adequately controlled circumstances of home-life in the Midlands, but the 
routine described was rigidly followed. The first value for subject M is omitted 
as he was suffering from a slight febrile illness. It will be seen that in sixteen 
out of seventeen consecutive pairs of observations the night flow is lower than 
the day flow, a result which would occur by chance only once in 3640 trials. 
Nocturnal oliguria has in fact persisted. 

The successive }-hr. volumes were sometimes remarkably constant but some- 
times very erratic; this appeared to be due to genuine variations in flow, and 
not to inadequate emptying of the bladder, since flow was inversely correlated 
with specific gravity, as in the instance shown in Table 1. Each series of six 
successive }-hr. urine volumes was treated as a normal series, and the significance 
of the difference of its mean from that of the next series, 12 hr. later, was 
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calculated, and is indicated in Fig. 1. In a few series the }-hr. volume declined 
regularly throughout the 3 hr.; in these, instead of the difference between the 
means, the mean of the differences between the volumes for corresponding } hr., 

12.30, 12.30-1, eto. was calculated. Owihg to the loss of degrees of freedom, 


Subject K 


Fig. 1. Mean urine flow (continuous lines) and rectal temperature (discontinuous lines) between 
12 and 3, a.m. or p. m., whilst subjects lived for 48 hr. on a 12-hr. cycle. d. day, n. =night. 
Thick, medium and thin lines indicate respectively a highly significant, significant, and non- 
significant difference. Vertical lines represent 8. k. of mean, where this can be indicated on 
the scale adopted. . 


Tax I. 8 correlated with specific gravity, 
in successive }-hr. samples. Su K 
Ihr. urine 
volume 
Time (ml.) Specific gravity 
12.00-12.30 1-021 
12.30-1.00 86 1-011 
84 1-006 
2.00-2.30 20 
2.30-3.00 50 1014 


the significance of the tiene was only thereby improved if the decline of 
urinary volume was very regular. 

Since fluid intake was self-chosen in the first 12 hr. and precisely repeated in 
the succeeding 12-hr. periods, an unwise choice might have led to a progressive 
rise or fall of urinary volume. There is no sign that this occurred. 
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Comparison was also made between the mean of day and night rectal 
temperatures, taken at }-hr. intervals from 12.30 to 3, and these, with the 
significance level of the differences, are also indicated in Fig. 1. The same 
persistent rhythm is seen as in the urine flow. In only two out of seventeen 
possible comparisons does the night temperature fail to be below the day 
temperature, a result which would be obtained by chance once in 426 trials. 
Rectal temperatures were also taken on settling down to sleep, and just before 
rising. Those on settling down to sleep, at about 4.45, showed a fairly consistent 
difference, the a.m. readings being lower than the p.m. eleven times, equal 
twice, and higher once. The temperatures taken on rising, at 8.45 a.m. or p.m., 
showed no such rhythmicity. 

Notes were kept of the soundness of sleep, which was rated on an arbitrary 
scale, depth 1 being uninterrupted sleep until the alarm went, depth 4 sleep for 
less than 3 out of 4hr. In only two subjects, P and L, were there obvious 
differences, sleep being sound between 4.45 and 8.45 a.m. and poor between 
4.45 and 8.45 p.m. Since adventitious factors, such as a full bladder or an 
uncomfortable bed, sometimes interfered with sleep, it is impossible to assert 
that the other four subjects did not show the persistent rhythm of sleepiness 
and wakefulness described by Kleitman (1939). 

(b) Reversal period. During the ensuing 6 days every effort was made to 
secure a complete reversal of habits, and we were soon quite naturally using 
the terms ‘morning’, ‘evening’, etc. by reference to our cycle of activity and 
not by reference to the sun. On clear nights it was possible to continue walking 
over rough mountains throughout the night, on cloudy nights it was necessary 
to sit down for an hour or so. There was little doubt, however, that even at the 
end of the 6 days most of us had not reversed our rhythm of sleepiness and 
wakefulness. It was always difficult to get the party into bed at bedtime, 
whereas in the small hours of the morning if we were not fully occupied heads 
would droop and one after another of us would pass into a momentary doze. 

Only two subjects kept adequate contemporary sleep records. Of these, 
M never had a sound continuous sleep during the 6 days, although after a night 
in the open air he fell asleep initially with great ease; and P only slept soundly 
for 2 of the 6 days. There is unfortunately no adequate control period to indicate 
precisely how well these subjects would sleep in this particular environment, 
but both were lying in great comfort on air mattresses and both are accustomed 
to sleep very soundly in much less comfortable circumstances after a day in 
the open air. There is therefore some support for the subjective impression that 
our habitual rhythm of sleepiness and wakefulness was not reversed. 

Temperature was only recorded on retiring and waking, and in control 
observations at home after the experiments, only subjects K and H showed 
any consistent difference between such measurements. K’s temperature always 
fell after a period of sleep, whether by night or by day, whilst H's temperature 
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was always higher after a night of sleep at the usual hours, and lower after 
a sleep during the day. Temperatures during the reversal period therefore give 
no indication of how far habitual rhythms had been reversed. 7 

(c) Period B. The findings during the second 48-hr. period on a 12-hr. cycle 
of activities were essentially the same as during the former such period, and 
are also shown in Fig. 1. Subject G suffered from a profuse attack of vomiting, 
and it was considered that after so severe a disturbance of fluid balance it would 
not be fair to include his data; his temperature maintained a normal rhythm. 
The rectal temperatures of four of the other five subjects maintained a normal 
rhythm, low during the midnight and high during the midday series, and most 
of the differences are highly significant. The temperature on settling down to 
sleep at about 4.45 a.m. was in four of the five subjects consistently lower than 
on settling to sleep at 4.45 p.m. 

The urinary flow again shows a persistence of the normal rhythm, for in 
thirteen of fifteen comparisons it was lower at midnight than at midday, giving 
a P value of 0-03, although the individual differences were in only six cases 
highly significant. It seems that the habitual rhythm is just beginning to 
disappear. 

As in Period A, two subjects, now P and H, showed a definite sleep rhythm, 
sleeping well between 4.45 and 8.45 a.m. and poorly between 4.45 and 8.45 p.m. 

(d) Laboratory experiment. This experiment was designed to eliminate any 
possible effect upon the subject of rhythmic light variations, and at the same time 
the routine of rest and exercise was more rigidly repeated. The only irregularity 
was that during the first sleep period, from 4.05 to 8:05 p.m., the subject only 
slept for 1? hr. and spent the remainder of the time lying still in the dark. Sleep 
was sound for the other three periods except when interrupted by a full bladder. 
Urine flow was measured as before in }-hr. collections during the critical 3-hr. 
periods, and at longer intervals during the rest of the 48 hr. except for one lost 
sample. The results shown in Fig. 2 both confirm and amplify those of the earlier 
observations. Urine flow shows the same consistent differences between 
12-3 a.m. and p.m. flows, with P always below 0-02, and in addition, during 
the less precisely controlled period between 8 and 12, the p.m. flow was always 
below the a.m., whilst during the sleeping period from 4 to 8 the p.m. flow was 
always the greater. 

The differences between low mean temperature between 12 and 3 a.m. and 
high mean temperature during the corresponding p.m. periods were all highly 
significant. On settling down to sleep at 4 p.m. temperature was consistently 
higher than at 4 a. m., and on waking at 8 there was a smaller difference, the 
p.m. temperature being theſhigher. Even a casual glance at Fig. 2 makes it 
clear that, although his activities and external stimuli were following a 12-hr. 
cycle, the subject continued to show a cyclic variation over 24 hr. in his rectal 
temperature and urine flow. 


— 
* 
* 
h 
* 


DIURNAL RHYTHM IN .URINE FLOW 533 

In all three experiments differences of urinary volume between day and night 
series were inversely correlated with specific gravity, as is seen in Fig. 3, where 
the calculated specific gravity of the pooled 3-hr. urine samples is plotted against 
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Time 
Fig. 2. Subject M, laboratory experiment. Urine flow (solid blocks) and rectal temp. (circles) 
| during four consecutive 12-hr. cycles. 
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Fig. 3. Urinary specific gravity plotted against urine flow for each 12-3 o’clock period. Upper 
and lower lines inserted freehand to indicate the relationship for subjects L and M. 


the hourly volume. Freehand lines are inserted to indicate the relationship for 
the subjects with the highest and the lowest specific gravity at any given rate 
of flow. It thus appears likely that the nocturnal oliguria was due to increased 
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posterior pituitary activity, and not to diminished amounts of solute under- 
going eme This point is perhaps better brought out if immediately 
consecutive day and night samples are compared, when it is found that a change 
of urine flow by more than 10% was always associated with a converse change 
in specific gravity, except in one instance on subject P, when a day flow of 
64 ml./hr. with specific gravity 1-025 was followed by a night flow of 57 ml./hr. 
with specific gravity 1-024. 


DISCUSSION 


Diurnal rhythmicity in urine flow has been shown to survive a uniform fluid 
intake (Simpson, 1924; Gerritzen, 1936), but sleep has been shown to diminish 
urine flow (Quincke, 1877; Laehr, 1890), and a diminution due to sleep provides 
an adequate explanation of Simpson’s (1924) observations. Recumbency, on 
the other hand, was found by Wendt (1876) to increase flow, and in the experi- 
ments of Laehr (1890) this cancelled out the effect of sleep if the subject was 
only recumbent when sleeping. Völker (1927) and Jores (1933) found that the 
usual nocturnal oliguria persisted in people sleeping by day. 

Hart & Verney (1934) indicated the possibility of a spontaneous rhythm in 
urine flow by their observation of a spontaneous midday diuresis in subjects 
in an unusually well-controlled environment. This suggested that regular 
differences might be found between the urine flow around midday and midnight 
under comparable circumstances. The remarkable persistence of normal 
temperature (Benedict, 1904) and urinary (Jores, 1933) rhythms in night 
workers in civilized communities indicated the need to isolate the subjects from 
any possible psychological or other effects of association with people living on 
a normal cycle. 

A fairly regular alternation between high midday and low midnight urinary 
flows has here been demonstrated under similar conditions both during the. 
period of urine collection and during the preceding 9 hr. The depth of sleep, and 
the rate of absorption of food and fluid, are not exactly controllable, so these 
activities were kept in the earlier part of each 12-hr. cycle, so that any random 
or systematic variations in them would exert a minimal influence on the urine 
flow measured during the last 3hr. of the 12. Some random uncontrolled 
variation occurred in the amount of exercise taken in each 12-hr. period, owing 
to the vagaries of the weather, but there was no regular difference between the 
a.m. and p.m. exercise, and both were taken during daylight. The more regular 
rhythm observed in the laboratory experiment may have been due to the 
precisely repeated and briefer period of exercise, as also to a posture during the 
three critical hours in each twelve which did not have to be altered for passage 
of urine or emptying receptacles. The only regular difference between the midday 
and midnight collections in the experiments performed in Scotland was in 
illumination, which at midday consisted of daylight entering through a small 
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window and at midnight was provided by candles. Galbraith & Simpson (1904) 
showed that variations of illumination were alone responsible for the diurnal 
temperature rhythm in monkeys, although Völker (1927) produces evidence 
against variations in daylight being of any importance in controlling diurnal 
thythms in man. It was to eliminate light variations as a possible cause of the 
observed rhythm that the laboratory experiment was performed. 

It thus appears that there is an habitual rhythm in urinary volume, which 
may have been imposed originally by regular variations of habit and environ- 
ment but which persists for a time independently of such variations, as was 
shown so strikingly for sleep and temperature rhythms in numerous observa- 
tions and experiments of Kleitman (1939). This spontaneous rhythm persisted 
for a week despite the complete reversal of habits and the minimal external 
rhythm of light and darkness, as in the observations of Jores (1933) upon night 
workers in a community of day workers and of Völker (1927) upon people 
reversing their habits for 2 or 3 days. 

The direct cause of nocturnal oliguria has not here been investigated. 
Forsgren (1931) ascribed it to extra uptake of water by the liver during the 
night in the course of glycogen storage. Hart & Verney (1934) produce 
evidence that their spontaneous diuresis was due to diminished posterior 
pituitary secretion, and the inverse correlation between urinary volume and 
specific gravity is in accordance with the supposition that the changes here 
described have a like origin. 

Since habitual rhythms of sleepiness (in Kleitman’s sense), temperature and 
urinary flow all appeared to persist despite the week of reversed habits it is 
impossible to decide how far one may be directly dependent upon another, or 
whether all three have a common cause. Jores (1933) ascribed the rhythmic 
changes of urinary volume to a hypophyseo-mesencephalic rhythm; and it is 
tempting to ascribe the regular variations of all three functions to an habitual 
hypothalamic rhythm, autochthonous for a week at least but ultimately 
_ derived from external rhythms. 


SUMMARY 


1. Six subjects, five in an isolated cottage in Scotland, lived for 48 hr. on 
a a cycle of sleep and activity repeated exactly every 12 hr. 

2. Despite the suspension of the 24-hr. cycle of habits, temperature and 
urine flow maintained a 24-hr. cycle, being lower around midnight than around 
midday. 

3. Five of the subjects then interchanged for 6 days their habitual a.m. and 
p.m. activities. 

4. Another 48 hr. on a 12-hr. cycle showed a persistence of the previous 
thythm, with temperature and urine flow lower at midnight than at 
midday. 
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5. One subject showed a similar rhythm during 48 hr. on a 12-hr. cycle in 
a basement laboratory room, with daylight excluded. 
6. Alterations of urine flow were inversely correlated with changes of specific 


gravity. 
7. It is suggested that diurnal rhythm in urine flow is a manifestation of 
a hypothalamic rhythm. 


My thanks are due to the subjects, without whose cheerful co-operation these experiments could 
never have been attempted. I am also indebted to the Medical Research Council for an Expenses. 
Grant, and to Mr W. McKelvie for the loan of a cottage. 
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LOCAL ACTION OF STEROIDS ON SECONDARY 
SEX ORGANS OF MALE RATS 


By J. M. ROBSON 
From the Department of Pharmacology, Guy’s Hospital Medical School 
(Received 4 November 1950) 


It is well known that a number of steroid hormones can exert their effects when 
applied locally to certain tissues, and the subject is reviewed by Speert (1948). 
The purpose of the present investigation was to determine whether testosterone 
and other steroids can produce an androgenic effect when applied locally to the 
seminal vesicles and vas deferens. Such an effect has been described by 
Lacassagne & Raynaud (1937); they applied testosterone acetate in oily 
solution to the seminal vesicles and produced an effect which reached its 
maximum on the 3rd day. Positive effects on the vesicular epithelium were 
produced by doses of 2-5 yg. of testosterone acetate. 


METHODS 


All experiments were performed on albino rats. They were castrated, usually when they weighed 
about 80 g., though some were larger at the time of castration, and then left for several months to 
allow the secondary sex organs to degenerate. Under ether anaesthesia the various substances 
were implanted into the seminal vesicles, or into the vas deferens, as solid implants, using a ‘gun’, 
i.e. a fine glass tube with a glass rod acting as the piston. Ligatures were placed above and below 
te site of implantation. In all these experiments one vesicle was treated, while the other served 
as control. In many cases the control vesicle was ligated in two places, or implanted with cholesterol 
and ligatures placed above and below the implant, but this did not produce any effect. After 
various periods the animals were killed and the implanted and control parts of the organ removed 
and examined histologically after sectioning and staining. In the case of the seminal vesicles these 
were also weighed in order to determine whether the implant had produced any effect on the size 
of the organ. 

The histological effect on the epithelium of the seminal vesicles was evaluated by the height and 
secretory activity of the epithelial cells. In recording the results, these were expressed in a semi- 
quantitative manner according to the description and illustrations given by Moore (1932). The 
effects of androgen on the vas deferens are also described and illustrated by the same investigator. 


RESULTS 


The results of the tests on the various substances are shown in Table 1. The 
values given therein for the effect produced on the weight of the implanted 
vesicles were calculated by comparing the weight of the vesicle implanted with 
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the androgen with that implanted with cholesterol, or only ligated. It will be 
seen that testosterone produced a definite histological effect on the seminal 
vesicles in only two out of seven animals. In all cases, however, there was 
definite increase in the size of the vesicle. It must be concluded therefore, that 
an androgen can produce an effect on the weight of the seminal vesicle without 
necessarily, at the same time, producing a definite effect on the histological 
appearance of the epithelial cells. 


Tazz I. Local effect of various substances on the weight and 
histology of the seminal vesicles of castrated rats 


Period 
Implant between Effects produced 
— A No. of — — A 
Dose experi- P.M. ; Histological 
Substance (mg.) ments days On weight effects 
0-1 7 6-14 100-200 % increase Positive* 
propionate 0-1 6 7-15 100-300 0% increase 
Testosterone dipropionate 0-1 4 10-21 300-600 % increase Positive 
Methyl testosterone 0-2 1 14 200 9% increase None 
edione 1-4 1 8 9 None 
Androstenediol 0-103 2 7-8 50 0% increase None 
Androsterone 06-12 2 6-8 15-80% ino Positive 
Progesterone 08-26 4 6-10 Slight to 50% increase i 
vacuolation 
acetate 0608 2 7-11 None 
xycortone palmitate 08-10 2 15-21 one None 
Pregnenolone 0-1 4 14-28 None None 
Dehyd t 0406 2 410-11 None None 
Oestradiol dipropionate 8 11-14 None None 


* Effect positive in only two out of the seven animals. 


With testosterone propionate the effects were much more striking. All the 
implanted vesicles showed marked histological changes which reached their 
maximum at about the 10th-IIth day after implantation, after which there 
appeared to be some decrease. There was also marked increase in weight of the 
implanted vesicles, as compared with the unimplanted controls. The effect is 
illustrated in Fig. 1. With testosterone dipropionate the maximum histological 
effect was seen even later—it was still at a maximum 16 days after implanta- 
tion, though decreasing 21 days after implantation—and the effect on the weight 
of the implanted seminal vesicle was even more striking than with the mono- 
propionate. 

With the exception of androsterone none of the other substances tested 
showed a clear and typical effect on the histological appearance of the seminal 
epithelium, though some of them did produce some effect on the weight of the 
implanted organ. Androsterone, in a dose of 1-2 mg., did produce some increase 
in the height of the cells and in the smaller dose (0-6 mg.) there was cellular 
proliferation though there was no increase in the height of the cells nor any 
signs of secretory activity. Progesterone did produce some effect but it was 
not a typical androgenic one: there was cellular proliferation and in addition 
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Fig. 1. - Showing the effect of testostersne propionate implant on the seminal vesicle. 
A, control vesicle x 900; B, implanted vesicle x 900. 


Fig. 2. Showing the effect of progesterone implant on the seminal vesicle. 
A, control vesicle x 660; B, implanted vesicle x 660. 


Fig. 3. Showing the effect of testosterone propionate implant on the vas deferens. 


A, control vas x 450; B, implanted vas x 450. 
To face p. 538 
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the cells lining the lumen showed a vacuolated appearance which may possibly 
represent a mild androgenic effect. This effect is illustrated in Fig. 2. As 
deoxycortone acetate produced no effect, the palmitate was tried as it exerts a 
more prolonged action, but even with this ester there was no androgenic effect 
at the end of 21 days. Pregnenolone was very slowly absorbed and in one 


experiment part of the implant was still present 28 days after implantation, 
and there was no effect on the vesicular epithelium. 


Vas deferens 

0-1 mg. testosterone propionate was implanted into one vas deferens in en 
rats, cholesterol being implanted into the other vas deferens. The animals were 
killed 7, 9 and 11 days after operation. All sections of the vasa implanted with 
the testosterone propionate showed an androgenic effect which was already 
quite clear in the animal killed 7 days after implantation. The parts of the vasa 
implanted with cholesterol had a typical castrate appearance. Implanted and 
control sections from one rat are shown in Fig. 3. 


Interaction of hormones on the seminal vesicle 

Under certain conditions the effects of androgens can be antagonized by 
other steroid hormones and experiments were carried out to determine whether 
the effect of testosterone on the epithelium of the seminal vesicle could be so 
_ antagonized. Two methods were used. In the first, implants of testosterone 
* propionate and of the inhibiting substance were inserted into one seminal 
vesicle, while in the other were placed implants of testosterone propionate and 
cholesterol. After an interval the animal was killed and the androgenic effects 
in the two seminal vesicles were compared. 

In the second method the inhibiting substance only was inserted into one 
seminal vesicle while the other vesicle received an implant of cholesterol. On 
the same day the rat received a subcutaneous injection of 2 mg. testosterone 
propionate. Again the animal was killed after an interval and the effects on the 
epithelium of the two seminal vesicles were compared. The results of two sets 
of experiments are shown in Tables 2 and 3. 

The possible antagonistic substances tested were oestradiol and its dipro- 
pionate, progesterone and deoxycortone acetate. The results of the experiments 
by the first method did not show any inhibition of the action of testosterone. 
The data obtained by the second method, in which the testosterone propionate 
was given systemically and the antagonist locally, suggest that progesterone 
can produce a slight inhibition of the action of testosterone. 
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Taster 2. Effect of various substances on the response of the seminal vesicles to testosterone propionate. All sub- 


Interval r 
— Implanted Control 
Animal Body 
tod Wt Control Wt. P.M, t 
2 05 — (mg.) substance (mg.) days (mg.) Histology (mg.) Histology 
55 267 Testosterone 0-1 Testosterone 0-16 8 122 II 125 II 
propionate propionate 
iol 0-1 Cholesterol 0-16 
dipropionate 
56 199 Testosterone 0-1 Testosterone 0-16 10 97 — 11 1145 III 
propionate propionate 
0-1 Cholesterol 0-16 
dipropionate 
63 140 Testosterone 0-16 Testosterone 0-10 7 68 III— II 86 III 
propionate propionate 
Progesterone 12 Cholesterol 0˙2 
64 172 ‘Testosterone 0-1 Testosterone 0-16 7 86 III 67 II 
propionate 
Progesterone 06 Cholesterol 0-1 
77 178 Testosterone 0-1 Testosterone 0-1 10 78 III 116 III 
propionate propionate 


Deoxycortone 09 Cholesterol 0-4 
acetate 


Tam 3. Effect of various substances on the response of the seminal vesicles to testosterone propionate given 
systemically. The substances were implanted into the seminal vesicles, and on the day of implantation, each 
animal received 2 testosterone propionate subcutaneously. 

Condition of seminal vesicles 


between implanted Control 


Animal Body implant 

serial wt. — — Wt Control Wt. P.M. : Wt. 

no. (g.) su (mg.) (mg.) days (mg.) Histology (mg.) Histology 

89 196 Oestradiol 20 Cholesterol 0-8 12 128 11 196 

* 207 Oestradiol 10 Cholesterol 0˙8 11 151 II 300 II 

94 206 Oestradiol 0-2 Cholesterol 0-2 12 145 II 115 

80 208 Progesterone 05 Cholesterol 0-5 10 37.5 III 47 — III 

83 296 Progesterone 08 Cholesterol 0-4 7 79 III 65 III 

88 238 Progesterone 06 Cholesterol 0-4 10 86 — III 102 II 

88 239 Progesterone 16 10 11 152 III— 263 III 

92 281 Progesterone .08 Cholesterol 06 9 80 se} 92 — 11 

78 225 ##DOCA 06 Cholesterol 04 10 109 I 95 8 

79 217 DOCA 05 Some 9 106 II I 175 21 


SUMMARY 


1. The local 1 effects of a number of steroids 5 been investi- 
gated by implantation into the seminal vesicle and vas deferens of castrated 
rats. Marked local effects on the epithelium were observed with testosterone 
and its esters and slight effects with androsterone and progesterone. Other 
steroids produced an increase in the weight of the seminal vesicle without any 
effect on the histological appearance of the epithelium. 

2. The possible inhibition of the action of testosterone by several steroids 


was investigated. Evidence that progesterone can produce slight inhibition 
was obtained. 


stances were implanted into the seminal vesicles. (The figures given under histology represent the degree of 
| typical androgenic epithelial growth which occurred, I being the maximum and IIT being the minimum). 
Condition of serninal vesicles 


STEROIDS AND SECONDARY SEX ORGANS 541 


I am greatly indebted to the Medical Research Council who defrayed part of the expenses of this 
investigation; to British Schering Ltd and Organon Ltd for the supply of the steroids used and to 
Dr Miescher who kindly sent me a sample of deoxycortone palmitate. 
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Electrical potential and inertness of metal in biological fluids. 


By E. G. C. CLARKR and J. Hickman. Department of Physiology, Royal 
Veterinary College, London, and Animal Health Trust, Newmarket 


Venable & Stuck (1947) have reviewed the question of the use of metals in 


surgery. Few metals remain inert in living tissue, and of these only tantalum, 
_ Vitallium and steels of the 18.8. SMo type have found clinical application. 


Before submitting to animal experiment the large number of metals available 
that might be metallurgically more suitable than these, it seemed necessary to 
devise some simple method of selecting those most likely to prove useful. 
» Venable & Stuck attribute inertness to electrochemical causes, a view that is 
shared by Perves & Damany (1938) but contested by Bothe & Davenport 
(1942). Our experiments were designed to find out whether the known be- 
haviour of metals in tissue could be correlated with any measurable electrical 

uantity. 
¥ ‘ . method was found to give the most satisfactory results. An 
anode of the metal under experiment (I) is rotated by the stirrer M in a bath 
a 
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of serum C kept at 37° C. This is connected by the KCl-agar bridge A with the 
calomel half-cell H. With switch S, closed and S, in position 1, current is 
passed from the potentiometer P via the microammeter through the cell 
H.A.C. The current (i) is noted and the potential (V) read from the valve 
potentiometer V.P. The potentiometer P is then readj usted, and the procedure 
repeated giving a series of values for V and i. Switch S, is now moved to 
position 2, and switch S, opened. The cell H.A.C. now forms the fourth arm 
of the bridge B, whence its resistance (R) can be found. 

The voltage drop V’ is found from V’ iR. -V represents the ‘back e. m. f. 
of the metal in serum. As V is increased, V-V’ increases to a constant value, 
which is characteristic for each metal, and gives a measure of its resistance to 
corrosion under the conditions of the experiment. Some typical results are 
given in the table, which shows that the inert metals have the highest positive 
potential, while those that exhibit gross corrosion show the greatest negative 
value. 


Metal V-V’ (mV.) Metal FF (mV.) 
Tantalum 1650 Silver 110 
Platinum 1450 : Copper — 650 
Gold 1000 Iron — 500 
Vitallium 650 Aluminium — 600 
18.8.8Mo steel 450 Zinc — 950 
18.8 steel 200 Magnesium —1550 
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The localization of respiratory regions in the ovine rhombence- 
phalon. By E. C. Amoroso, F. R. Bett and H. Rosensera. Department 
of Physiology, Royal Veterinary College, London 

2 2 : — (Pitts, Magoun & Ranson, 1939) and monkeys (Beaton & 

un, inct inspiratory and expirato i demonstrable i 
one oem ry regions are demo e in 
Methods. Exploration with bipolar needle electrodes (gap 0-2 mm.) attached 
to a stereotaxic instrument (Rosenberg & Tindley, 1949), using brief non- 
oscillatory rounded shocks of equal distance (Rosenberg, 1948). The stimulated 
loci were identified in histological sections. 
Maximal responses, unaltered by moderate increase of freque 
es, uns ney and 
strength, were obtained with 2 x 126 stimuli of 8-3V. of alternating polarity 
and similar shape. Variation of frequency from 100 to 300 stimuli/sec. and in- 
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erease of strength from 1-7 to 12V. did not alter the type of response. Occasional 


mid-positional apnoeas could not be changed in character by increasing fre- 
quency: or intensity of stimulation. Responses were obtained only when the 
electrodes were inserted into the medullary reticular formation. At certain 
levels vertical movement of 1 mm. converted expiration into inspiration and 


vice versa. With the electrodes on the surface of the medulla or on the bone 


beneath, stimulation was ineffective. These results differ from Brookhart’s 


(1940) observations in the dog. 


Defined by maximum responses, the inspiratory region occupies a blunt 
wedge-shaped portion of the medio-ventral reticular formation, the base being 


at the obex and the end at the cephalad margin of the inferior olive. The larger 
_ expiratory region lies dorsal to, and projects rostrally and laterally from, the 


inspiratory region. | 
Aided by grants from the Agricultural Research Council, the Royal Society and the Central 


Research Fund of London University. 
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An apparatus for providing positive pressure ventilation of the 
lungs. By G. C. Kor and C. R. Woop. Royal Veterinary College, London 
The apparatus consists of a mechanically operated piston-type valve which 
controls the frequency of a variable tidal volume of air delivered to the lungs 
through a close-fitting or cuffed intratracheal tube. The valve-open position 
allows lung inflation by positive pressure. The valve-closed position allows 
expiration by normal recoil. The apparatus provides for the controlled en- 
richment of air by oxygen and the insufflation of anaesthetic vapours as 
necessary, flowmeters being interposed in both air and oxygen circuits. The 
valve mechanism is operated electrically and the speed variable from about 
three or four to eighty tides per minute. The source of air can be either a 
motorized blower or a cylinder. 

The apparatus was designed solely for clinical thoracotomy in small animals 
but may have its uses in other fields. 


The decidual reaction in the mare’s placenta. By E. C. Amoroso. 
Department of Physiology, Royal Veterinary College, London 
The placental gonadotropin of the mare appears in the blood between the 
thirty-ninth and forty-fifth day of pregnancy and reaches its highest con- 


- centration between the fiftieth and eightieth day. Thereafter it gradually 
a2 
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diminishes until it is absent after about the one hundred and eightieth day (Day & 

Rowlands, 1940). It has been shown that its presence is correlated with the 
maturation and ovulation of many Graafian follicles and with the development 
and growth of several accessory corpora lutea (Amoroso, Hancock & Rowlands, 
1948). There is also evidence showing that the placental gonadotropin is 
secreted by the ‘endometrial cups’ of the maternal placenta (Cole & Goss, 
1943; Amoroso, 1945; Rowlands, 1947). These structures are present in the 
‘uteri of pregnant mares from the sixth to the twentieth week and are limited 
to the fertile horn. They vary in maximum diameter from a few millimetres to 
about 5 cm. They occur most frequently at the junction of the body and horn 
of the uterus and most commonly occupy a circular area of the endometrium 
in the neighbourhood of the attachment of the yolk-sac. 

Haematoxylin and eosin-stained sections show the cups to be composed of 
‘three types of decidual cells: (1) small round cells, (2) large polyhedral cells 
lying between the ducts of the uterine glands, and (3) a few multinucleate giant 
cells, which appear to be degenerating. The interglandular decidual cells are the 
conspicuous features of the cups. Histochemically they exhibit a fine baso- 
philic stippling, the ribose nucleoprotein occurring in the superficial portions of 
the cells; whereas the central part of each cell is acidophilic, granular and often 
contains small amounts of pigment. The cells are negative for glycogen, but 
contain a moderate number of scattered, discrete particles of lipoidal material 
when stained with Sudan black. After regression has begun the cells show an 
increasing infiltration with neutral fat in addition to other lipoids—the fat 
droplets being especially large and numerous in the degenerating surface cells 
and in the detritic coagulum filling the cups. In addition to these features 
some of the cells possess characteristic cytoplasmic vacuoles which contain 
colloid droplets. Alkaline phosphatase is present, but is restricted to the 
margins of the cells. 
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Lactation in the grey seal. By E. C. Amoroso, A. Gorrin, G. HALLxx, 
L. H. Marruews and D. J. Mataews. From the Department of Physiology, 
Royal Veterinary College, London, and the Department of Zoology, University 
of Bristol 

Parturition takes place in the autumn on the beaches of remote islands and of 

inaccessible sea-caves. The pup remains on land until after it is weaned at the 

age of about seventeen days or more. The mother remains with, or very near the 
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pup throughout this time, and does not feed. The weight of the pup at birth is 
about 30 Ib. (26-33 Ib.), and its daily gain in weight is about 3-3 Ib. The pup 
moults its natal coat of white fluffy hair while being nursed, and remains on the 
beach for some days after weaning when it is deserted by its mother. It loses 
weight slowly after being deserted, before it finally goes to sea. 


An adult female and her pup were captured on 20 September 1950, 3 days 
after parturition and daily weighings of both were made for 15 days. In this 


time the pup gained 49 Ib., and the female lost 95 Ib., the system having a net 
loss of approximately 3-1 lb. daily. No solid food was taken by either, but a 
small quantity (undetermined) of water was taken by both occasionally. 
A card index was kept for sixty-seven pups from the nurseries on the beaches 
and life-history data were recorded for thirteen of these. Data were not always 
complete for each individual pup, but were sufficient to reach general con- 
clusions regarding the behaviour and development of pups before they take to 
sea. It would appear that confinement of the pup is not accompanied by any 
drastic change in the growth rate. 

A large sample of milk was obtained. Preliminary, provisional figures for 
its analysis (supplied by Dr S. J. Rowland of the National Institute for 
Research in Dairying) are: 


Total Solids 
solids not fat Fat Lactose Proteins Ash 
67.7 % 14˙8 0% 53-2 % 2-6 11-2 % 0-7% 


A film will be available to demonstrate the methods used in this study, and to 
show points of interest in the nursing behaviour of both mother and pup. 


With a research grant from the Percy Sladen Trust. 


Records (A) of respiratory spike potentials from the caudal medulla 
oblongata and (B) of spike potentials from the diaphragm or of 
chest movements. By E. C. Amoroso, J. G. Barnsrings, F. R. BELL, 
A. M. Lawn and H. Ros 


An adjustable melting - point apparatus. By E. Lanerorp 


Effect of ACTH on histamine intoxication in the guinea-pig. 
By J. G. Barnsriver, G. A. H. Burris and S. Squires 


‘Adrenaline hyperpnoea in the horse. By E. C. Amoroso, F. R. BELL, 


A. 8. Kine and H. RosEnBERG 


Mating behaviour in the domestic cat. By E. C. Amoroso 
and H. A. Buregss. (Film) 
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Electron-microscope study of muscle fibres of rat diaphragm. 
By M. M. Bivum, Imperial College, and C. Srranamayya,* King’s College, 
London 


Optical microscopy revealed two types of muscle fibres in the rat diaphragm 
comparable to the well-known ‘pale’ and ‘red’ fibres in voluntary muscle 
(Jordan, 1933). Electron microscopy was then undertaken to obtain greater 
detail. Specimens, prepared in the manner described by Hall, Jakus & Schmitt 
(1946), were examined in a three-stage electron microscope with an operating 
voltage of 80-120 kV. . 

Myofibrils from fresh diaphragm showed structural features similar to those 
of leg muscles of rabbit described by Hall et al., but exhibited two types 
differing mainly in sarcomere length, especially after stretching. 

Specimens from diaphragm, stimulated to contract isotonically, exhibited 
greater detail, viz. Hensen’s disk with the M line within it and the M lines in 
light band in some fibrils and also changes in sarcomere lengths as might be 
expected but mainly affecting the light band in both types. 

Observations on the rectus muscle of the rat also indicated similar changes on 
stimulation. 

* Madras Government Scholar. 


Jordan, H. E. (1933). Physiol. Rev. 18, 301. 
Hall, C. E., Jakus, M. A. & Schmitt, F. O. (1946). Biol. Bull. Wood's Hole, 90, 32. 


Cold vasodilatation and cold vasoconstriction. By A. D. M. Green- 
FIELD, J. T. SHEPHERD and R. F. WARLAN. Department of Physiology, The 
Queen’s University of Belfast 

Calorimetric observations have shown that the immersion of a finger-tip in 

water at 0-6° C. causes complete vasoconstriction for about 5 min. and then an 

almost maximal vasodilatation. The initial vasoconstriction can be regularly 
prevented by a sufficiently long preliminary exposure to cold but not by 
histamine -:....ophoresis, release of the circulation after arrest for 10 min., 
preliminary local heating of the finger-tip, general heating of the subject 
or blocking of the nerves to the part. It is accompanied by pain but not caused 
by it. The vasodilatation which follows is very rapid in onset, and is usually 
interrupted by subsequent periods of vasoconstriction which often start 


suddenly and which may completely arrest the circulation for periods of a few 
minutes. 
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Tissue culture of regenerating liver of the rat. By M. ApERcRoMBIE 


and R. D. Harkness. Departments of Embryology and Physiology, University 
College, London 


Behaviour in tissue culture of normal and regenerating liver, I, 2, 7 and 21 days 
after removal of two-thirds of the liver, has been investigated in 200 g. rats. 
Explants were cultured for 3 days in fowl plasma and chick embryo extract. 
The cells which appeared outside the explant were counted in the following 
categories: (a) macrophages, (b) bile-duct epithelium, (c) fibroblasts. Negligible 
numbers of hepatic cells appeared. Normal and 1-day regenerating liver did 
not differ significantly in the number of outwandered cells, which were almost 
exclusively macrophages. At 2 days there was a maximum in numbers of out- 
wandered cells of all types. They were still above pare at 7 days, but almost 


normal at 21 days. 


These results draw attention to changes in cells other than hepatic cells in 


_ regeneration, and to the possible importance of migratory activity in the 


reorganization of liver structure. 


Cell populations in regenerating liver of the rat. By M. ABRRCROMURLR 


and R. D. Harkness. Departments of Embryology and Physiology, University 
College, London 


Counts of resting and dividing nuclei have been made on sections of regenerating 
liver 1, 2, 7 and 21 days after removal of two-thirds of this organ in 200 g. rats. 
Hepatic cells showed a maximum rate of mitosis on the first day after partial 
hepatectomy. Cells lining sinusoids, including v. Kupffer cells, and bile-duct 
epithelium showed almost no mitosis on the first day but reached their maxi- 
mum on the second day. The total population of cells lining sinusoids, in- 
cluding v. Kupffer cells, returned to a level normal for the whole liver by the 
seventh day, when hepatic cell nuclear population was still below normal. 
These results show that the stimulation of mitosis in regenerating liver is more 
complex than has hitherto appeared. 


Abolition of nervous reflex vasodilatation by sympathectomy of the 
heated limb. By D. McK. Kerstaxe. Department of Physiology, St Mary's 
Hospital Medical School, London 


No reflex vasodilatation in the hand in response to radiant heating of the legs 
(Kerslake & Cooper, 1950) could be detected in a subject who had had a bi- 
lateral lumbar sympathectomy 4 months previously. The response to heating 
the front of the trunk was normal. 
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Three patients aged 48-52 years have been investigated before and 7-10 days 
after lumbar ganglionectomy. Vasodilatation occurred in the hand in all cases 
during a 1 min. period of radiant heating of the normally innervated lower legs 
and feet. In the post-operative experiments no significant vasodilatation in the 
hand was observed during a similar period of heating. 


REFERENCE 
Kerslake, D. McK. & Cooper, K. E. (1950). Clin. Sci. 9, 31. 


Methylene blue and amine oxidase. By G. B. Wrst. 
Department of Materia Medica, University of St Andrews 


Methylene blue inhibits the action of amine oxidase both in vitro and in vivo 
(Philpot & Cantoni, 1941). Small intravenous doses of this substance poten- 
tiate the effects of adrenaline and noradrenaline on the blood pressure and 
nictitating membrane of the spinal cat. When large doses of methylene blue are 
given by splenic vein, the effects of noradrenaline on the normal nictitating 
membrane are potentiated to a much greater extent than are those of adrena- 
line. A similar increase in sensitivity of the nictitating membrane to nor- 
adrenaline is observed after chronic denervation (Biilbring & Burn, 1949). 


Bülbring, E. & Burn, J. H. (1949). Brit. J. Pharmacol. 4, 202. 
Philpot, F. J. & Cantoni, G. (1941). J. Pharmacol. 71, 95. 


Colour vision. By H. Harrringe. Vision Research Unit, 
Institute of Ophthalmology, University of London 

Dartnall (1950) has found three new pigments in the tench retina: visual blue- 
green (crest wave-length = 0-608 f.); visual red (0-475 f.); and visual yellow 
no. 2 (0-407 f.). The three animal pigments previously known are: visual 
purple or rhodopsin (0-502 fl.); visual violet or porphyropsin (0-533 f.); and 
visual blue or iodopsin (0-570 fl.). Dartnall observed that these six pigments 
form a series having a constant frequency difference, the latter being probably 
due to a homologous chemical relationship between the pigments. Additional 
pigments which would complete the series would be: visual green (0-657 f.); 
visual orange (0-450,.); visual yellow no. 1 (0-427 f.); and possibly visual 
yellow no. 3 (0-389 f.). 

These crest wave-lengths are in good agreement with the animal modulators 
found by Granit (1943, 1945) and also with the human receptor processes 
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found by the writer (Hartridge, 1947), and they show the same constant 
frequency difference that the retinal pigments do. 


REFERENCES 


Dartnall, H. J. A. (1950). Nature, Lond., 166, 206. 
Granit, R. (1943). Nature, Lond., 151, 11. 

Granit, R. (1945). Nature, Lond., 155, 711. 
Hartridge, H. (1947). Philos. Trans. B, 282, 519. 


Physiological significance of the sweat response to adrenaline in 
man. By T. M. CHatmers and C. A. KxRLR. Department of Pharmacology, 
Middlesex Hospital Medical School, London 
It has recently been suggested (Haimovici, 1948, 1950; Sonnenschein, 1949; 

Sonnenschein, Kobrin & Grossman, 1949) that adrenergic as well as cholinergic 

fibres might be concerned in the nervous control of sweating in man. We have 

confirmed their finding that intradermal injection of adrenaline and noradrenaline 
can cause local sweating; ten of twelve subjects responded, the threshold con- 
centrations being 10 to 107. The response was inhibited by prior intradermal 
injection of dihydroergotamine (DHO) and tolazoline hydrochloride (Priscol), 
but not by atropine. Local injection or iontophoresis of atropine completely 
abolished palmar sweating in both normal and hyperhidrotic subjects. DHO 
had no inhibitory effect. Thermal sweating on the forearm was similarly in- 
hibited by atropine, but not by DHO or Priscol. It is concluded that there is no 

__ adrenergic component in the innervation of human sweat glands. Sweating 

during insulin hypoglycaemia was also completely abolished by local injection 

of atropine, and thus cannot be due to circulating adrenaline. - 


REFERENCES 


Haimovici, H. (1948). Proc. Soc. exp. Biol., N. F., 68, 40. 

Haimovici, H. (1950). J..appl. Physiol. 2, 512. 

Sonnenschein, R. R. (1949). Proc. Soc. exp. Biol., N. T., 71, 654. 

Sonnenschein, R. R., Kobrin, H. & Grossman, M. I. (1949). Amer. J. Physiol. 159, 591. 


Rhythmic discharges from the thalamus. By E. D. Apriay. 
Physiological Laboratory, University of Cambridge 

nder moderate anaesthesia a single volley of sensory impulses to the brain (cat) 

was found to produce a succession of discharges to the somatic receiving area 

at intervals of f- 10 sec. (Adrian, 1941). The rhythm appeared to depend on 

the thalamus, its persistence after destruction of the cortex ruling out cortico- 

_ thalamic reverberation. Chang (1950) has recently examined the rhythmic 
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responses in the auditory, visual and somatic areas and considers that they are 
due to such reverberation. He finds them abolished by removal of the cortex. 
I have re-examined the effect of removing the whole of sensory areas I and II 
and find as before that the rhythmic impulse-volleys in the thalamo-cortical 
fibres are unaltered. The discrepancy probably depends on different techniques 
but for the somatic area at least I conclude that the rhythm must be generated 
in the thalamus and that cortical reverberation is not essential. 


REFERENCES 


Adrian, E. D. (1941). J. Physiol. 100, 159. 
Chang, Hsiang-Tung (1950). J. Neurophysiol. 13, 235. 


Ferrocyanide excretion in the cat. By M. Grace Eq@a.eton and 
V. A. Haste. Physiology Department, University College, London 
Ferrocyanide clearance in the dog affords a measure of filtration rate (d. r. R.) 
(Van Slyke, Hiller & Miller, 1935; Berliner, Kennedy & Hilton, 1950), but in 
man is considerably lower (Miller & Winkler, 1936). The former observations 
were made at much higher plasma ferrocyanide concentrations than were the 
latter. At low concentrations, the cat (nembutal anaesthesia) resembles man, 
but with increasing concentration the ferrocyanide clearance becomes greater 
than that of creatinine. When the absolute amount of ferrocyanide apparently 
_ secreted is plotted against plasma ferrocyanide concentration, the points fall 
about a straight line which cuts the axis at c. 10 mg. ferrocyanide/100 c. o. 
G. F. R. The simplest explanation of these results is that of a double process of 
reabsorption and secretion, the former remaining constant at c. 10 mg./100 C. 0. 
G. r. . and the latter increasing steadily with increasing concentration. Con- 
centrations above 100 mg./100 c.c. plasma have a toxic action on the kidney 


(as in man), reducing all clearances and also the amount of ferrocyanide 
apparently secreted. 
REFERENCES 


Berliner, R. W., Kennedy, T. J. Jr. & Hilton, J. G. (1950). Amer. J. Physiol. 160, 325. 
Miller, B. F. & Winkler, A. (1936). J. clin. Invest. 16, 489. 
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Observations on circulation and respiration in the badger and lion. 
By E. C. Amoroso, J. G. Barnprines, F. R. Betz, A. S. Kine, A. M. Lawn and 
H. RosxxnRRG. Department of Physiology, Royal Veterinary College, London 

Anaesthesia induced with chloroform and maintained with pentothal. Stimula- 

tion with rounded equal induction shocks (Rosenberg, 1948), 8-3 V., 2 x 126/sec. 
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Badger (adult 9, 20 Kg.): heart rate 138 /min., arterial pressure 136 mm. Hg, 
maintained. Respiratory rate 96/min., tidal air 120 C. c., ventilation 11-5 l. 


min., O, consumption 12 c.c./kg./min. (initial values). 


Aortic nerve present, on stimulation causing immediate increase of ventila- 
tion, maintained during stimulation independent of arterial pressure changes. 
Lion (9, c. 1 year, 60 kg.): heart rate 102/min., arterial pressure 175, near end 


200 mm. Hg. Respiratory rate 12/min., later 20/min., tidal air 1-24 I., ventila- 


tion 15 1./min. initially, later 24 1./min. 
Adrenaline i.v. produced apnoea at maximum rise in arterial pressure. 
Aortic nerve absent. Sinus nerve stimulation caused fall of arterial pressure, 


no cardiac inhibition; initial expiratory arrest, then marked increase in ventila- 


tion. Depressor and respiratory inhibitory fibres confined to ventral portion of 
central vagus stump. After division of first vagus the arterial pressure rose to 
240 mm. Hg. A moderate rise in systemic pressure followed carotid occlusion 
in both animals. 
REFERENCE 
Rosenberg, H. (1948). J. Physiol. 107, 29 P. 


Secretory activity of the ruminant abomasum. By K. J. HIL 


Gastric blood flow and gastric secretion. By J. E. Taompson 
and J. R. Vane 


The action of botulinum toxin on Electrophorus electricus. 
By N. AmpacueE and H. M. Ferrera 
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The heating produced in the human body by centimetric electro- 


magnetic waves. By H. F. Cook and T. J. Bucnanan 


The determination of protein hydration from dielectric measure- 


ments at high frequencies. By G. H. Hacais 


The measurement of the dielectric constants of human blood and 


tissues at centimetric wave-lengths. By H. F. Coox 


! The effect of corticosteroids on the excretion of radiosodium and 


radiopotassium in adrenalectomized rats. By S. A. Smmpson and 
J. F. Tarr 


_ Clinical use of radioactive iodine "I in the investigation and treat - 


ment of thyroid diseases. By G. F. Green and B. R. Worsnor 


Electromyographic and indirect calorimetric analysis of muscular 
effort exerted in weight-lifting by different methods. By G. P. 
CROWDRN, R. K. Das, W. F. FLovp and P. H. S. SLVR 


5 A new method of examination of molar tooth grooves for the 


presence of dental caries. By P. Pincus. Department of Physiology, 
Middlesex Hospital Medical School, London, W. 1 


| The outer covering of human tooth-enamel consists of about 95 0% lime salts, 


: 8 however, show breaks in continuity ranging from a hair line crack to a gap 


and is an extremely poor conductor of electricity. Such a covering may, 
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between cusps due to developmental faults; non-calcified organic material is 
found in such situations. This organic material is continuous with the inner 
structure of tooth-dentine which consists of about 30 % organic material. 

Differences in electrical conductivity are found between intact enamel 
devoid of cracks or gaps, and enamel showing cracks filled with organic 
material continuous with the rest of the body via the dentine. 

Dental caries is commonly found in the grooves on the biting surfaces of 
molar teeth. The narrowness of many grooves interferes with clinical examina- 
tion for the presence or absence of caries; X-ray examination is found un- 
satisfactory. However, both clincial experience and histological examination 
of extracted teeth show that caries may progress, unsuspected, at the bottom 
of a narrow groove. 

The method, which is demonstrated, is as follows: two electrodes, a platinum 
wire for application to the tooth and an indifferent electrode applied to the 
skin of the face, are connected in series with a 10 V. battery, a potentiometer, 
and a milliammeter (1-0-1 mA.). A reversing switch is included to reverse the 
polarity of the electrodes. 

It is found that molar grooves lined with intact enamel have a very low 
conductivity scarcely detectable on the milliammeter. A groove presenting 
a crack allows the passage of 0-3 mA. Such a groove may readily become the 
site of dental caries though its narrowness interferes with clinical study. 


Patient showing excretion of calcium by the bowel. 
By T. M. Cuatmers and A. Kexwick 


Insensitivity of denervated sweat glands to locally injected acetyl - 
_ Choline in man. By T. M. Cuatmers and C. A. KEEe 


The action of myosin-inhibitors on the isolated phrenic nerve 


diaphragm preparation. By F. Hossicer. Department of Pharmacology, 
Middlesex Hospital Medical School, London, W.1 , 


The actions of inhibitors of the adenosinetriphosphatase activity of myosin 


have been studied on the isolated phrenic nerve diaphragm of the rat (Biilbring, 
1946). 

Hydrogen peroxide, which in 1-5 K 10M. concentration inhibits myosin 
in vitro by 50 % (Dickens & Glock, 1951), produces in a concentration of 
5x 10-*m., or higher, a marked increase in tone of the diaphragm and renders 
the preparation insensitive to indirect stimulation. The contracture begins 
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6-8 min. after the addition of H,O, to the bath, and increases steadily during 
the next 25 min. This increase in tone is seen on both stimulated and unstimu- 
lated preparations, but is more marked if indirect stimulation is employed. 
With a concentration of 5 x 10-*m. of H,O, a complete failure of the response 
to indirect stimulation occurs in 33-35 min. This paralysis coincides with 
a reduction in the sensitivity of the muscle fibres to direct stimulation (to 
about 20 9% of the original value) as seen on fully curarized preparations. 
5x 10-*m-H,0,, directly applied to the phrenic nerve, does not block nerve 
conduction. After paralysis by 5x 10-‘m-H,0, the diaphragm subsequently 
shows about 25 % recovery. The blocking effect of higher concentrations of 
H,O, is less reversible. If H. O, is left in contact with the diaphragm for 
only 7 min., by which time no paralysis has appeared, the end result is 
practically the same as when the H, O, is left in the bath throughout the 
whole experiment. 10-*m-NaCN, which completely protects the ATP-ase 
activity of myosin against H,O, in vitro, does not prevent the actions 
of H,O, on the diaphragm. Adrenaline, however, in a concentration of 
10-20 g. / ml. gives a definite protection. During the onset of paralysis and in 
the recovery phase the response to tetanic stimulation is reduced in size but 


of normal shape, and post-tetanic potentiation is regularly seen. Anticholin- 


esterases improve the effectiveness of indirect stimulation very markedly. 
Reducing agents, e.g, cysteine or ascorbic acid, diminish the contracture but 
have a variable effect on the excitability of the muscle. 

Iodine which in 3-5 x 10 M. concentration inhibits myosin in vitro by 65 % 
(Bailey & Perry, 1947) blocks completely the indirect stimulation in a concen- 


tration of 3 x 10-*m. without significantly depressing the effect of direct stimula- 


tion. Five times higher concentrations are necessary to abolish the response to 
direct stimulation. A concentration of 6 x 10-‘m. blocks the transmission along 
the nerve. Partial recovery is seen after removal of the iodine from the 
bath. 

Adrenochrome in concentrations up to 10-*m. potentiates the indirect 
stimulation and has no significant blocking effect on a fully curarized pre- 
paration which is stimulated directly. | 

An experiment with H,O, and tracings will be shown. 


REFERENCES 
Bailey, K. & Perry, S. V. (1947). Biochim. Biophys. Acta, 1, 506. 
Biilbring, E. (1946). Brit. J. Pharmacol. 1, 38. 
Dickens, F. & Glock, G. E. (1951). J. Physiol. (in the Press). 


a moving belt. By W. F. FLovp and P. H. S. Sirver 
52 
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Tonoscillography before and after exercise in patients with arterial 
obstruction. By L. Macponatp and R. SEMPLE 


An unusual type of renal failure following ureterocaecostomy. 
By A. Kexwick, E. W. Ricues and R. SEMPLE 


Aortograms. By A. Kexwicx and R. SxurLx 


An electronic stimulator of high stability. By H. W. EAD. Department 
of Physiology, The Middlesex Hospital Medical School, London, W. 1 
This stimulator, which operates from the mains supply (230 V. a. c., 50 cyc./sec.) 
has an output of positive going square pulses. The repetition rate, pulse duration 
and output voltage are completely independent, within physical limits, and, 
in addition, the circuit is arranged so that the stimulator may be inter- 
connected with other apparatus to provide additional facilities, some of which 

are mentioned below. 
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In the apparatus demonstrated repetition rates of , Pu, 1, 4, 1, 2, 5, 10, 20, 
50 and 100 pulses per sec. are provided. With a suitable switch, or by omission 
of some of these rates, the range may be extended to 1000 pulses per sec. or 
more, The duration of the output pulse is continuously varied in four decades 
from 10sec. to 100 msec. Switched control may be obtained if N, is replaced 
by a tapped potentiometer and switch. 

Operation. The valves V,, Va form an anode-to-grid coupled multivibrator 
of which the circuit constants Ri, Ri, Ci, Cs control the repetition rate. The 
square wave at the anode of V, is differentiated by the network Ci, Ri, and the 
resulting negative going pulse triggers the cathode-coupled flip-flop circuit 
formed by valves V,, V, through the diode V,. Thus, every input trigger pulse 
produces one output pulse whose width is controlled by Ru, C, and V, of V,. 
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C; is selected to provide four decades: namely 10-100 psec., 100 ysec.—1 msec., 
» 1-10 msec. and 10-100 msec. The resistors R, R. and R,, are returned to 
h.t.+, as this increases the stability of the 0 of the timing waveform. 
The output is taken from the cathode of V, and can be varied over the alter- 
native ranges of 0-10 V. and 0-100 V. at constant voltage by Rig. If constant 

current stimulation is desired 2,, may be placed in the anode circuit of V, and 
b. t. T returned to earth, or a separate alternative output valve may be used. 

Single-stroke operation. Removal of the strap S enables the stimulator to be 
triggered by a negative going trigger pulse on ‘trig in’. 
_  Start-stop. Replacement of strap S by an on/off switch enables the stimulus 
to be started and stopped at will. 
_ Stability. On account of the use of h. t. as a return line for the timing valve 
grids, a 20 % variation of the h.t. voltage produces less than a 5 % variation 
in the timing accuracy. Consequently the performance of the circuit is 
practically unaffected by small fluctuations of the main supply voltage. 
Changes in valve constants also have a negligible effect ov. the timing accuracy 
which is then determined by the stability of the components R,, Ra, C,, Cy, 
and C,. 

Other arrangements 

(1) With two such stimulators A and B, removal of S on both stimulators 
enables A to trigger the pulse width circuit of B (P, on A connected to ‘trig in’ 
on B), and at the same time to start a single stroke time base (from Pi on A). 


Repetition 0 0 
rate ata.) (uF) (uF) 
vs 20 0-05 20 2 
as 20 0-05 10 2 

20 0-05 4-7 2 
20 0-05 1-5 2 
20 0-05 20 0-05 
2 20 0-001 20 0-05. 
5 20 0-001 10 0-05 
10 20 0-001 4-7 0-05 
20 20 0-001 1-5 0-05 
50 20 0-001 20 0-001 
100 10 0-0001 20 0-001 
200 10 0-0001 10 0-001 
500 10 0-0001 3 0-001 
1000 10 0-0001 1 0-001 


Pulse width: 10-100 use., 100-1000 sec., 1-10 msec., 10-100 msec. 
Cs: 0-01 01 pF. 


R,, 250 kQ.; , 25 kQ.; „5 Ma.; 
* Ry, 2 18 2, Ry, 100 oka; E., 
Cy, O-1 C,,1 


or 


55 The delayed pulse at P, on B is fed back to ‘trig in’ on A to trigger the pulse 
duration circuit in the usual fashion. Variation of the pulse duration controls 
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on B will enable the position of the stimulus to be varied in time with respect 
to the commencement of the time-base. Thus the stimulus and response may be 
conveniently positioned on a cathode-ray oscillograph trace. The controls on 
stimulator A retain their usual significance. 

(2) By connecting PI on 4 (S in position) to ‘trig in’ on B (S removed), it 
is possible to produce simultaneously two pulses of independently variable 
width and amplitude. 

(3) Parallel output circuits may take their output from P.. 

It is not necessary to use several complete stimulators to provide these 
facilities as the various separate circuits required may be combined in one 
piece of apparatus. 

Power supplies are conventional; either choke input filter or stabilized. The 
circuit will operate with h.t. voltages from 300 to 400 V. The maximum 
output voltage will vary in proportion to the h.t. voltage. With 300 V. the 
output is approximately 90 V. maximum. The setting of Ry, adjusts the 
voltage at which the diode V,, conducts and thus limits the maximum output 
voltage. 


Demonstrations of neurological cases: (a) hemispherectomy for 
infantile [hemiplegia; (b) idiopathic hypoparathyroidism. By 
M. KREMER 


Four patients who have undergone unilateral frontal lobectomy. 
By Diana Beck 


Anatomical investigations in a human case of ablation of the frontal 
pole (topectomy of Brodmann’s area 10). By A. Meyer 


Objective measurements of the components of total refraction. 
By J. B. Davey, E. F. Fincuam and A. Sorssy 


An instantaneously recording digital plethysmograph. By J. S. R. 
Golm and J. Marryat. Middlesex Hospital, London, W.1 


This is a small portable instrument consisting essentially of three parts: 
(1) the Sensitive Element; (2) the Amplifier; (3) the Direct Writing Recorder. 

The sensitive element consists of a glass thimble for the digit, connected by 
a flexible tube with a U-tube containing alcohol, coloured with a soluble dye. 
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One limb of the U-tube is open to the atmosphere, and for pressure balancing 
there is a side-tube and tap fitted between the thimble and the U-tube. Since 
the bore of the tube is large (4 mm. diam.) the excursion of the meniscus is 
small, so that inertia and friction are reduced as far as possible. The movements 
of the fluid are recorded by a photo-electric system consisting of a small 
electric lamp mounted on one side of the tube and a photo-cell on the other. 
These components are so arranged that the light from the lamp shines through 
one limb of the U-tube on to the cell. The photocell is itself mounted in a vacuum 
tube which contains a seven-stage electron multiplier. The signal from this 
valve is handled by a conventional push-pull amplifier. Apart from the fact 
that the input and output characteristics are designed to suit the photo-cell 
and the galvanometer there is nothing unusual about it. The recording system 
consists of a galvanometer, the pointer of which is a very light stylus with an 
electrically heated tip. The tip swings over (but just fails to touch) a special type 
of heat-sensitive recording paper. The paper is carried on a drum and is driven 
by a synchronous motor at a constant speed of 25 or 2-5 mm./sec. according to 
choice. The stylus makes an immediate and permanent black line on the chart 
paper as it moves through. The paper itself is over-printed with time marks 
and calibration lines so that the record can be read as soon as it is made. The 
calibration of the instrument can be effected either by: (1) moving the U-tube 
so that the deflexion of the galvanometer for a measured rise in level is recorded ; 
or (2) by injecting small measured amounts of air into the system with a 
tuberculin-type syringe with a vernier device and noting the deflexion on the 
paper. As the gain of the amplifier is adjustable it is easy to arrange for unit 
' deflexion of the pointer to correspond with unit change in finger volume. 


4 Autonomic and somatic activity evoked by stimulation of frontal 
cortex and thalamus in cats. (Film.) By K. Axert, W. R. Hess and 
D. A. McDonaup.* Physiologisches Institut der Universitat Zürich 


The autonomic activity consequent on stimulation of the cerebral cortex has 
béen the subject of much investigation in recent years. The object of this 
study of the cingular and orbital cortex is to extend the knowledge of these 
phenomena in cats, a species not often used in this work. Also it is intended to 
increase the understanding of the mechanisms involved, by studying the intact 
unanaesthetized animal. 
Narxcotized cats (‘Dial’) were used for studies on blood-pressure and respiratory 
effects (6 animals total of 64 points stimulated). The commonest response was 
_ a rise of blood pressure and a decrease of respiratory amplitude, usually 
together with a decrease of rate. The effects from the two cortical areas was 
similar, The effects of stimulation were much less constant or predictable than 
* Working with a grant from the Leverhulme Fund. 
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those from the diencephalon (Hess, 1938). In addition, salivation was noted 
from the orbital gyrus, and pupillary reactions from the anterior cingular 


cats (series of 15 animals —180 points stimulated) which 
were allowed to move freely with electrodes previously implanted under N,O 
anaesthesia (Hess, 1949), were stimulated by direct current pulses (usually 
8/sec. but variable between 2 and 15/sec.) or by faradic current. Detailed 
histological examination of the brain determined the exact electrode positions 
in each case. Cinematographic records of the results of stimulation were made. 

The principal effects of stimulation of the anterior cingulate gyrus were as 
follows: respiration was in nearly all cases markedly increased in rate and force 
(up to 150/min. compared to 30-40/min. resting rate). Inhibition was not seen 
in the unanaesthetized animal although, as described, it was the commonest 
response in anaesthetized animals. 

Turning of the eyes and head to the contralateral side was always seen; 
initially the body takes no part in this, but in prolonged stimulation the head 
may be turned through 180° or more, and the body perforee has to follow. 
Marked pupillary dilation was also observed. 

Stimulation of the orbital surface produces the following effects: 

Salivation was seen in the majority of cases. 

Respiratory acceleration was seen in rather less than half the series. 

Pupillary reactions were of the same frequency. 

Twitching of the face, lips and whiskers (usually bilaterally); licking and 
chewing, and a complex of movements involving snapping, gagging and 
scratching with a paw at the mouth as if trying to dislodge a foreign body, were 
always seen in one form or the other. The spatial sequence of electrodes eliciting 
these responses suggests that the zone stimulated is a sensory area for the 
snout and mouth and throat and that the movements are responses to sub- 
jective sensations aroused by stimulation. 

From subcortical zones similar effects have been seen on stimulation (Hess 
1928, 1938). In the present study, forced respiration has been elicited from the 
region of the knee of the internal capsule, and from the rostral part of the 
thalamus. Licking and chewing automatisms, salivation and the complex 
snapping described, have been elicited from the anterior nucleus of the 
thalamus. Anatomical (Marchi) studies, as well as these physiological observa- 
tions, suggest that these regions lie in the functional pathway of the stimulation 
effect. 
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The spatial distribution of dividing cells in the liver of the rat after 
partial hepatectomy. By R. D. Harkness. Department of Physiology, 
University College, London 


The distribution of dividing hepatic cells within the lobule, during regeneration 


after removal of two-thirds of the liver, has been investigated quantitatively 
in serial sections of liver. In all of seven rats, at 24 hr. after operation, when 
) mitosis starts, dividing cells were found round the portal tracts in significantly 
greater numbers per unit area of section than in the centres of the lobules. 
At 48 hr. after operation in three rats the distribution was variable. There 


seem to be two possible explanations for the initially periportal distribution 
of mitoses; first that the stimulus to cell division is a change in concentration 
of substances which the hepatic cells remove from or add to the blood; second, 
that the stimulus comes mainly in the portal vein, and affects the periphery of 


the lobule, because in the lobule centre the portal blood is diluted by a direct 


arteriolar supply (Elias, 1949). 


REFERENCE 
Elias, H. (1949). Amer. J. Anat. 85, 379. 


The inner vation of the cervix and cornu uteri. By Brenpa M. ScnorI p. 


Department of Physiology, University College, Dundee (University of St Andrews) 
Recordings were made of the movements of the rabbit cervix and cornu in the 
living animal according to the methods described by Adler, Bell & Knox (1944), 
and Bell & Robson (1936). Stimulation of the hypogastric nerve produced an 
increase in tone of cervix and cornu, with an increase in frequency of contrac- 
tions. A similar response followed intravenous administration of either 
adrenaline or noradrenaline. These effects were not potentiated by eserine or 
abolished by atropine, but they were abolished by previous administration of 
dihydroergotamine. In the nicotinized animal the response to hypogastric 
stimulation still persisted. Injection of acetylcholine in an eserinized animal had 
a stimulating effect on the cervix and cornu which was abolished by atropine. 
It is concluded that the hypogastric nerve supply to the uterus is adrenergic 
and postganglionic, but that there may be in addition a cholinergic supply. 


REFERENCES 
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The nature of uterine sympathin in the rabbit. By Monica Mann. 
Pharmacological Laboratory, School of Pharmacy, University of London 

Preliminary evidence that noradrenaline is liberated on stimulation of the 

hypogastric nerve in the rabbit was afforded * the observation that the 
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excitor response to noradrenaline and to nerve stimulation was changed by 
’ intra-arterial Dibenamine to an inhibitor effect prior to the reversal of the 
adrenaline response. 

Confirmation that noradrenaline is the main amine liberated was given by 
assaying blood samples taken from the uterine vein following nerve stimulation 
by methods similar to those previously reported (Mann & West, 1950). A mean 
value of 0-046 ug. of noradrenaline per ml. of plasma was detected with oc- 
casionally much smaller amounts of adrenaline. 


REFERENCE 
Mann, M. R. & West, G. B. (1950). Brit. J. Pharmacol. 5, 1783. 


Factors affecting blood flow through the limbs. 
By H. E. and D. Vere. 


Hypoglycaemia and adreno-cortical secretion. By MARTRHR Vodr. 
Pharmacological Laboratory, University of Edinburgh 
Using the technique of adrenal ascorbic acid depletion in rats, the observation 
(Vogt, 1947) was confirmed that insulin causes acceleration of adreno-cortical 


secretion after denervation of the adrenals. The same was found to hold for 


animals in which the adrenal medulla had been removed. The effect on the 
cortex was produced by the hypoglycaemia and not by the insulin itself. 
Hypoglycaemia had no effect on the isolated perfused adrenal. 


REFERENCE 
Vogt, M. (1947). J. Physiol. 106, 394. 


Spike-potentials from the optic nerve of the rabbit. By L. C. Taomson. 
Vision Research Unit, Institute of Ophthalmology, London 

Using a silver-filled glass micro-capillary (Weale, 1951), spike-potentials of 
‘single fibre’ character have been obtained from the intra-cranial portion of the 
optic nerve in rabbits. This method makes possible the isolation of single fibres 
in a whole mammalian nerve without dissection, and also allows the stimulation 
of the retina through the normal dioptric mechanism. 

The potentials are monophasic and positive with respect to earth. 

All three of Granit’s (1947) fibre types can be identified in the nerve. 
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The shapes and the spaces of the response curves of the retinal 
receptors. By H. HART GAR. Vision Research Unit, Institute of Ophthal- 
mology, University of London 


I showed previously that animal modulators (Granit, 1943, 1945) and human 


receptor processes (Hartridge, 1947) agreed with a scale of constant frequency 


differences, and that the retinal pigments discovered in animals agree with 
this scale. This suggests that the animal pigments are employed for visual 


purposes and that animal and human visual mechanisms are similar in type. 


An examination of the shapes of the response curves of the receptor processes 


in men and animals shows that they rise smoothly to a crest situated in a parti- 


cular part of the spectrum and fall smoothly away again to zero. The absorption 
bands of the pigments exhibit curves of the same type. Again when the spans 


[the width expressed in frequencies at half the height) are evaluated for the 


animal modulators, for the human receptor processes, and for the visual 


pigments so far discovered, the values obtained are not markedly dissimilar. 
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The action of D-tubocurarine on the monosynaptic extensor reflex 
in the cat. By C. G. Bernuarp and D. Taverner. Department of 
Physiology, Karolinska I nstitutet, Stockholm, and Department of Medicine, 
University of Leeds 


The action of p-tubocurarine on the monosynaptic extensor reflex in the cat 
was investigated by intravenous injection into unanaesthetized decerebrate, 


decapitate, low spinal and de-afferented low spinal preparations. The reflex 
response was elicited by submaximal! electrical stimulation of the nerve to one 
head of the gastrocnemius muscle and recorded from the L7 or SI ventral root. 
The influences of blood-pressure changes and asphyxia were considered. In all 
types of preparation p-tubocurarine increased the amplitude of the reflex 


response. The effect was greatest in decerebrate and least in de-afferented low 
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spinal preparations. The threshold dose in decerebrate preparations was 
0-1 mg./kg. body weight. Spontaneous iterative activity was observed in the 
ventral roots of unanaesthetized decerebrate preparations only. Previous 
administration of dial intravenously abolished the effect of p-tubocurarine. 
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Spectral sensitivity of the para-central human retina. By R. A. Weave. 
Vision Research Unit, Institute of Ophthalmology, London 


The corneal spectral sensitivity Sy (Thomson, 1951) of the writer’s left eye has 
been measured at 0°, 10° and 15° at brightnesses of 2-4 and 75 equivalent t.c 
The apparatus used has already been described (Weale, 1951). The para-central 
curves are double-humped at both brightnesses: the long-wave maximum is 
in the green (0-526-0-555 f.); the short-wave maximum, whose value is of the 
same order as the other, is in the blue (0-468 f.). Using orthogonal polynomials 
(Fisher & Yates, 1943) a curve has been calculated for each set of data. On 
plotting the differences between the experimental and the calculated points 
against wave-lengths, three distinct humps appear in the red, green and blue, 
respectively. Not only is there good agreement amongst these six curves, buv 
they also agree in the region 0-47-0-65 f. with similar curves obtained for the 
fovea by other workers (Thomson, 1951). A splitting of the ‘green’ hump into 
two parts is discernible in all cases. It is suggested that these humps are 
functional, being related to three principal receptor mechanisms. 


REFERENCES 
Fisher, R. A. & Yates, F. (1943). Statistical Tables for Biological, Agricultural, and Medical Research. 
Edinburgh: Oliver and Boyd Ltd. 
Thomson, L. C. (1951). J. Physiol. 112, 114. 
Weale, R. A. (1951). J. Physiol. (in the Press). 


The mechanism of oxidative inhibition of myosin. By F. Dickens and 
Gertruve E. Glock. Middlesex Hospital Medical School, London 

Since oxidants including H, O, reversibly inhibit the adenosinetriphosphatase 

activity of myosin (cf. Bailey & Perry, 1947) they should affect muscular 

activity. Our experiments on this point are supplemented by those of Hobbiger 

(1951) on the phrenic nerve-diaphragm preparation. 

Rat muscle myosin is poisoned by H,O, (10-* to 10-*m.) and by adrenochrome 
(10-* to 10-*m.). Adrenochrome and adrenaline at 10-°m. potentiate the 
inactivation by HO. 

All these inhibitions are blocked (though not reversed) by cyanide (10 Mu.) 
or xa’-dipyridyl (10M. ) but not by azide or diethyldithiocarbamate; they thus 
appear to be iron-catalysed. Riggs (1945) showed that oxygen poisoning of 
pyloric sphincter muscle was also blocked by cyanide but not by azide. 


| REFERENCES 
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8 Indirect calorimetric measurements of energy expenditure ha ve been made for 
weight-Hfting from ground-level by two methods: (i) bending knees and body 
35 to reach and lift the weight, and (ii) bending the body only. It has been shown 
| * that the former method involves a greater expenditure of energy than the 
latter due to the greater proportion of body weight lifted. 

) Deducting the oxygen used in no-load movements in each method, it has been 
shown that for liftiug aud lowering a 56 Ib. weight through 2-5 ft. (25-2 kg. 
| 7 through 76 cm.) five times per minute, the additional oxygen used is approxi- 
1 20 0% greater for method (i) than for (ii). The oxygen used for the lifting 
and lowering components lias been senarately assessed and it has been shown 
that the sum of these coinponents is approximately equal to the oxygen used 
for the over-all effort of lifting and lowering. 
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Energy expenditure in weight-lifting by different methods. By R. K. 
Das“. Department of Applicd Physiology, London — of Hygiene and 
Tropical Medicine 


The effect of zorrhage on chemoreceptor fibre activity. By 8. 
LANDGRLN and E. Nem. From the Department of Physiology, Kungl. 
Veterindrhégskolan, Stockholm 


Cats under chloralose-urethane anaesthesia were subjected to artificial ventila- 
tion of a degree just sufficient to abolish spontaneous respiration. O,/N, 
mixtures were substituted for room air on the inlet side of the pump in order 
to test chemoreceptor fibre activity. Carotid chemoreceptor fibre impulses 
were recorded as described by von Euler, Liljestrand & Zotterman (1939); the 
arterial blood pressure was recorded by a condenser-manometer (Jarisch & 
Zotterman, 1948). 

Control records were obtained of chemoreceptor impulses during ventilation 
with room air. The animal was then bled, the volume of blood removed being 
sufficient to lower the systemic pressure. A massive outburst of chemoreceptor 
impulses accompanied and followed the haemorrhage. During the period of 
spontaneous circulatory recovery, thé impulse activity sensibly lessened. 
Retransfusion of the blood removed abolished all chemoreceptor impulse activity. 
3 Haemorrhage also caused an increased discharge of chemoreceptor impulses 
in the aortic nerves, as suggested by Coleridge, Kenney & Neil (1949). 


REFERENCES 
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Histamine release from asthmatic human lung. By D. F. Hawkins, 


J. L. Monear and H. O. Schu. From the Department of Pharmacology, 

University College, London 
Bartosch, Feldberg & Nagel (1932) demonstrated that histamine is released 
from isolated guinea-pig lungs during anaphylactic shock. The present experi- 
ments show that histamine is released from the isolated lungs and bronchi of 
a human asthmatic individual by a pollen extract to which he was sensitive. 

Pieces of tissue were placed first in control solutions and then in solutions 
containing the antigen. About 5 yg./g. of histamine was released, i.e. 8-25 9% 
of the initial histamine content of the tissue, and 25 times that in the controls. 
The test solution gave the following histamine reactions: contraction of guinea- 
pig ileum and uterus, lowering of cat’s blood pressure, potentiation by the 
anti-histaminase substance ‘Grewe diamine’, and antagonism by neoantergan. 
Tests on lung and bronchus from a non-asthmatic person gave no release of 
histamine. 
Cortisone acetate, 10-*, added to the test solution or incubated with the 
tissue, did not abolish the release. 


REFERENCE 
Bartosch, R., Feldberg, W. & Nagel, E. (1982). Ping. Arch. ges. Physiol. 280, 129. 


Responses of isolated human bronchial chains. By D. F. HAwRINS, 
H. Herxuermer and H. O. Sehmp. From the Department of Pharmacology, 
University College, London, and the Surgical Unit, University College Hospital 

In 1947, Castillo & de Beer introduced the use of a chain of guinea-pig tracheal 

rings for the study of drug action. We have applied the same principle in 

studying human bronchial reactions. Bronchi from human lungs removed at. 
operation were dissected out, cut into rings, tied in a chain and set up in Krebs- 

Henseleit solution and O, at 37° C. 

The preparations are contracted by acetylcholine, pilocarpine, or carbachol, 
and relaxed by adrenaline, noradrenaline, isopropylnoradrenaline, ephedrine, 
or aminophylline. Histamine contracts; it is antagonized by neoantergan. 

In two cases we have used material from a patient with pollen asthma. 
Mixed pollen extract caused rapid contraction. The preparations were thereby 
rendered insensitive to further doses of pollen, though still responsive to drugs. 
The response to pollen extract was not abolished by cortisone (10-*) or by 
neoantergan (10-* to 10-*). Pollen extract had no action on bronchi from non- 
asthmatic patients. 

REFERENCE 
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Changes in amino acids in liver and blood after partial hepatectomy 


in normal and adrenalectomized rats. By V. Ferrari and R. D. 
Harkness. Department of Physiology, University College, London 


Male adult rats fasting 6 and 24 hr. after removal of two-thirds of the liver with 
or without simultaneous adrenalectomy were compared with normals fasting 
the same time. 


Adrenalectomy reduced the normal increase in liver weight and lipid. 


Otherwise only slight differences were found between adrenalectomized and 


normal partially hepatectomized rats. 


There was little change in either the amino-N of blood and plasma, or in the 


pattern of individual amino-acids in plasma revealed by paper chromatography. 


There was a 20 % rise in free amino-N in liver both at 6 and 24 hr. (nin- 


' hydrin-CO, method). Paper chromatography showed conspicuous rises in 


glutamic and aspartic acids and lysine. Changes in other amino-acids and 
ninhydrin positive substances occurred: taurine fell, but there was a dramatic 
rise, especially in the adrenalectomized animals, in ethanolamine phosphoric 


acid. 


The space constant of a, f and y nerve fibres in the frog. By 


J. J. Lusster and W. A. H. Ruston. Physiological Laboratory, University 
of Cambridge 


; If the frog’s sciatic nerve is stripped of its epineurium the current is distributed 
_ in the fibres roughly as would be expected upon the simple cable theory 


_ (Rashbass & Rushton, 1949). The space constant of the cable, A, may be found 


A by plotting the relation between threshold and interpolar length. 


The present investigation was undertaken in order to see how the value 


of A varied for different fibres of the A group. It was found that A goes 
band in hand with conduction velocity. The three well-marked groups &, B, y 
each had a characteristic value for A which was almost exactly proportional to 
the conduction velocity. 


REFERENCE 
Rashbass, C. & Rushton, W. A. H. (1949). J. Physiol. 110, 110. 
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A convenient method of measuring residual air. By W. Metvitie 
Arnott, D. G. Ricuarps and A. G. W. WHITFIELD. The Department of 
Medioine, Queen Elizabeth Hospital, University of Birmingham 
A knowledge of the dimensions of all the fractions of the total lung volume 
is of increasing value in the assessment of cases of cardio-respiratory disease. 
There is therefore a need for a method which is reasonably expeditious, as 
inexpensive as possible and completely reliable. We have for several years used 
with satisfaction the hydrogen (or helium) dilution method as described by 
McMichael (1939), but it entails a katharometer and its auxiliary equipment in 
addition to a Benedict-Knipping Spirometer. So far as we know, the complete 
apparatus is not on the market and to have the necessary additions and 
modifications made to the standard Benedict-Knipping Apparatus is expensive. 
Me are, therefore, demonstrating an apparatus which is in all important 
respects the same as that described by Herrald & McMichael (1939). The design 
is a simple constant volume modification of Christie’s (1932) method. In 
principle this is a nitrogen dilution method. A Knipping Apparatus with a 
_ circulatory air pump as supplied by C. F. Palmer Ltd. is modified to the extent 
of substituting a cylinder containing cal-soda chips for the CO,-absorption 
bottle. A T-piece is inserted into the circuit, and from this a short length of 
rubber tubing ending in a 3-way glass cock leads to a Sleigh (1937) modification 
of the standard Haldane gas analysis apparatus. This enables samples to be 
transferred from spirometer to analyser without gas-sampling tubes. The 
reasons for using this particular apparatus are: (1) it is comparatively cheap 
(around £25); (2) it can be purchased“ in a form in which the gas sample is 
contained in two bulbs each of 3 ml. capacity with a burette also of 3 ml. 
capacity thus obviating the necessity of predicting the approximate final 
 volurfie of nitrogen which will result from any given sample (i.e. unlike the 
_ ‘standard Haldane’ there is no ‘dead’ portion of the scale); and (3) the reagents 
are introduced into the apparatus for each estimation and in between times 
the apparatus contains only mercury, 10% sulphuric acid and nitrogen. This 
5 obviates the deterforation and precipitation which inevitably occurs in the 


* Standley, Belcher and Mason, Ltd., Church Street, Birmingham 3. 
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Haldane Apparatus if it is out of use for some time. This is an important point 
in a small hospital laboratory where requests for this analysis might be infre- 
quent. An estimation of the divisions of lung volume is made by setting the 
spirometer bell at zero and running in exactly 41. of oxygen. The patient then 
breathes this mixture for 10 min. (sufficient time for all but the most emphyse- 
matous patients to achieve equilibrium), oxygen being introduced to compen- 
sate for consumption. 
The functional residual air (r. R. A.) is then calculated as follows: 


Let X = volume of r. R. A. 


a=volume of spirometer dead space (estimated when the apparatus is 
flirst set up). 


b=volume of oxygen at beginning (i.e. 4 1.). 
c=volume above or below the resting respiratory level at point of 
introduction of patient into circuit (with practice, this correction is 
usually zero). 
d volume of excess or deficit of oxygen introduced during equilibration. 
N =final percentage of nitrogen in spirometer. 

79-1 =initial percentage of nitrogen in spirometer dead space and patients’ 
respiratory tract. (To ensure that the nitrogen in the patient’s Jungs 
is as near as possible to 79-1 % he should have had a carbohydrate 
meal within the preceding two hours, have rested for 20 minutes 
and vital capacity measurements should be made after the F. R. A. 
determination. ) 

65 ml. correction for amount of nitrogen excreted from lungs during re- 

spiration of oxygen-enriched air. 

Then 0-791 X +0-791 (a+c)+0-065=NX+N (a+bicid). 
The following corrections to the volume measured are n ; 

(1) Temperature in the patient’s lungs is assumed to be 37° C., therefore 
multiply by 310/273 + temperature of spirometer bell. 

(2) Aqueous vapour pressure. Air in lungs is assumed to be saturated with 
water vapour, i.e. 47 mm., therefore multiply by 


Bar aqueous v. p. at bell * 
Bar — 47 


(no significant error results from assuming Bar to be constant at 760 mm. Hg). 
(3) Dead space of mouth-piece 60 ml. in Palmer’s apparatus. 
The complete estimation including duplicate analyses of spirometer gas need 
take no longer than 25-30 min. 
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A high-frequency mechano-electronic transducer manometer. By 
W. Metvitie Arnott, G. Cummine, P. Davison and A. C. Prxcock. The 
Department of Medicine, Queen Elizabeth Hospital, University of Birmingham 


A manometer similar to that demonstrated has been briefly described (Cumming, | 


Pincock, Davison & Arnott, 1950), but since then improvements have been 
made in the hydraulic portion. The transducer (R. 0. A. 5734) is a triode which 
by means of a pivoted anode translates mechanical movements into electric 
current variations. It has a sensitivity of 1 V. for a deflexion of 3-6 x 10 cm. 


of the outer extremity of the anode. The original design of the manometer head 


was based on the Hansen (1949) capacitance manometer in which the diaphragm 
is one plate of a circular condenser. Capacity variation (C) is governed by the 
formula R 

where R= radius of the fixed plate and d = the distance between plates. Where 
the moving plate (i.e. the diaphragm) is deflected into the arc of a circle, d is 
a mean value for the whole surface and is usually taken as one-third of the 
deflexion of the centre. The relationship between pressure and capacitance is 
rectilinear (within + 5%) provided the diameter is relatively large, i.e. about 
10 mm. It is thus not possible to increase the frequency response by reducing 
membrane diameter without losing linearity. The operation of the transducer 
linkage is governed solely by deflexion at the centre of the membrane so the use 
of a smaller membrane becomes possible. 

The attainment of a high-frequency response depends upon a small volume 
change per unit of pressure variation. As the compressibility of the fluid in the 


manometer system is capable of absorbing a substantial proportion of the 


applied pressure it is necessary to keep this volume small in order to achieve a 
high modulus of volume elasticity. 
The volume (V) change due to membrane distension is given by 
y= aR? Yo 
3 
where R is membrane radius and Y, deflexion at the centre. Therefore the 
smaller R is for any given volume change the larger is ee 


the sensitivity. 
There are, however, two factors which place a lower limit on the radius of 
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membrane of less than about 3 mm. diameter, and (2) the tension developed 
at the edge of a small membrane which if it be less than 2-4 mm. across and 
0-1 mm. thick would exceed the limits of proportionality of the phosphor- 
bronze membrane. 


Fig. 1. The mechano-electronic transducer pressure recording head. 


The dimensions can finally be selected according to the formula 
823 (m?—1) R 
16 
where t= membrane thickness, m- the inverse of Poisson’s ratio, P- applied 
pressure and e- modulus of volume elasticity of the membrane material. 
o is related to V and R as shown above. A nomogram has been constructed 
showing as variables, V, Yo, t and R. It is important to keep Y, small in 
relation to t (around 1: 100) so as not to impair the rectilinear relation between 
P and T. 

The manometer-cardiac catheter system demonstrated has the following 
characteristics: (I) membrane—diameter 45mm., thickness 0-11 mm., 
modulus of volume elasticity 2˙5 * 10% dynes/em.; (2) catheter—length 
100 em., radius 1:8 x 10-* cm.; (3) fluid volume (including catheter), 0-15 ml.; 
(4) natural frequency including catheter, 85 cyc./sec.; (5) degree of damping 
including catheter, 0-05; (6) sensitivity 2 mV. mm. Hg. 


Cumming, G., Pincock, A. C., Davison, P. & Arnott, W. M. (1950). Proc. xvmu int. Physiol. 
Congress, p. 171. | 
Hansen, D. (1949). Pressure Measurement in the Human Organism. Copenhagen: Teknisk Forlag. 
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Apparatus used for study of the kinetics of chemical reactions in 


vivo. By H. G. Bray, W. V. Tnonrx and K. WRrrR. Physiology Department, — 


Medical School, University of Birmingham 
The apparatus is essentially a device for timing the collection of urine samples. 
Forty-eight tubes of approximately 180 ml. capacity are held in a brass turn- 
table. At predetermined intervals an electromagnet actuates an escapement 
which allows 7th of a revolution of the turn-table. In this way the receiver 
under a delivery tube connected to the funnel of a metabolism cage holding the 
animal is changed at the pre-determined intervals. By analysis of the samples 
of urine obtained, curves can be plotted giving the rate of excretion of the 
metabolites under investigation and hence, velocity constants for certain 
reactions, e.g. conjugation of benzoic acid and its precursors with glycine and 
glucuronic acid, can be calculated (Bray, Thorpe & White, 1950, 1951). The 
kinetics of conjugation of — with glucuronic and sulphuric acids is under 
investigation. 
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Visual inhibition using a stereoscope. By H. AsRRR. 

i Department of Physiology, University of Birmingham 

The apparatus here demonstrated has been described in a previous paper. 
The right eye views a dimly lit circular patch which is seen against a dark 
background. The left eye also views a similar dimly lit patch which is seen 
against a bright background. On account of inhibition, which is probably 
retinal in origin, the circular patch seen by the left eye appears to be black. 

When both eyes are used simultaneously the background appears bright, 
and on it are seen two patches, a black patch seen by the left eye and an 
apparently bright patch seen by the right eye. This shows that brightness 
contrast can occur separately in the visual pathways of the left and right eye, 
and independently of any process of judgement. Thus it brings brightness 
contrast into line with colour contrast. 

The weakly illuminated patch which is seen by the right eye appears to be 
brighter than the bright surround against which it is seen. Also it retains its 
original slightly yellow hue. This shows that the sensation of the bright patch 
which stands out as brighter than the bright surround is due to impulses 
from the right retina. Were the sensation due to an addition of impulses from 
the two retinae the colour of yellow would be weakened (desaturated) by 
- admixture with the white of the bright white background. Impulses from the 
corresponding left retinal area which is illuminated by the bright background 
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must be inhibited before they reach consciousness. This then makes it remark- 
able that the dim patch does in fact stand out as brighter than the bright 
ground. It is as though the right eye perceived a degree of contrast between 
the dim patch and the dark surround, and that in the combined impression 
this degree of contrast is maintained when the surround appears bright. 


REFERENCE 
Asher, H. (1950). Brit. J. Psychol. 40, 187. 


Human electro-retinogram. By H. Asner. Department of Physiology, 
. University of Birmingham 

The method demonstrated employs a contact lens and is similar to that 
described by Karpe (1945a, ö). By using a white translucent contact lens, 
and focusing the image of a ribbon filament lamp upon it, a high intensity of 
illumination over the whole of the visual field is obtained. 


Karpe, G. (1948 ). Acta Ophthal., Kbh., Suppl. 24. 
Karpe, G. (19455). Docum. Ophthal. 2, 269. 


The effect of oestrogens on the histological structure of the sym- 
physis pubis in ovariectomized and hysterectomized mice. By 
KATHLEEN HALL 


Autotransplants of pubic bone into the subcutaneous tissue of the 
abdominal wall and the pinna of the ear in mice. By KArRLRRN 
Hau 


Methods for assessing the effect of fats and fatty acids on gastric 
secretion in rats and dogs. By A. C. Frazer and R. ScunEIDER 


Effects of heparin and protamine on lipaemia. By W. D. Brown 


Removal of the cingulate area in rats. By M. R. A. Cuance and 
A. P. Mgap | 


Photographic prints produced by the light sensitivity of red blood 
corpuscles. By W. Meyerstein 
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The neurohypophysis and ‘let-down’ of milk. By B. A. Cross and 
G. W. Harris. Physiological Laboratory, University of Cambridge 


Electrical stimulation of the region of the pituitary stalk evoked milk ejection 


from the cannulated teat-ducts in ten anaesthetized lactating rabbits. Ejection 
* commenced about 25 sec. after the start of stimulation (1 V., 50 cyc./sec., 
a. 0., 1 min.), reaching a peak at approximately 90 sec., and subsiding in 
4-7 min. Similar responses were elicited by intravenous injection of 50-200 mU. 


Pituitrin (Parke Davis and Co.). 
Electrolytic lesions were placed in the region of the supraoptico-hypophysial 
tract in six of the above rabbits. Three animals showed interference with milk 


let-down following this procedure. In standard tests the litters were unable to 


obtain more than 30% of the milk obtained preoperatively, and at the com- 
’ pletion of the suckling periods the mammary glands still contained much milk. 


50-200 mU. posterior pituitary extract injected intravenously into the rabbits 
immediately before suckling produced a marked increase in the amount of 
milk obtained by the young and complete evacuation of milk from the mammary 
glands. Electrical stimulation of the region of the pituitary stalk, in one of 
these rabbits, now failed to produce milk ejection. The other three rabbits 
showed no disturbance of suckling following placement of lesions, and subse- 
quent electrical stimulation of the pituitary stalk region still evoked milk 
ejection. 


These results provide support for the concept of neurohypophysial mediation 
of ‘let-down’ (Ely & Petersen, 1941). 


REFERENCE 
Ely, F. & Petersen, W. E. (1941). J. Dairy Sci. 24, 211. 


Functional grafts of the anterior pituitary gland. By G. W. Harris 
and Dora Jacossoun. Physiological Laboratory, University of Cambridge, 
and Physiological Department, Lund, Sweden 


Many workers have found that transplants of anterior pituitary tissue in the 
anterior chamber of the eye, kidney, spleen or in muscle may be well vas- 
cularized and viable. Such transplants do not maintain a normal level of 
functional activity. It has been suggested that normal function of the anterior 
pituitary gland is dependent on an intact vascular pathway from the median 
eminence of the tuber cinereum to the pars distalis of the hypophysis (the 
hypophysial portal vessels) (Harris, 1944; Green & Harris, 1947). The function 


ol anterior lobe grafts placed in a position where the transplanted tissue might 
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become revascularized by the hypophysial portal vessels has been investigated. 
Experiments on 151 hypophysectomized adult rats demonstrated: 

(1) Grafts of anterior pituitary tissue placed into the emptied hypophysial 
capsule can be maintained for long periods. They are well vascularized but not 
by the hypophysial portal vessels. The function of these grafts, if any, is greatly 
reduced, 

(2) Grafts of anterior pituitary tissue placed under the median eminence can 
acquire vascular connexions with the primary plexus of the hypophysial portal 
vessels, The functional activity of such grafts with regard to their effects on the 
adrenal glands and genital organs, appears normal in at least 50% of the 
animals studied. (In the other cases the functional activity of the grafts was 
more or less diminished.) Hypophysectomized females with such grafts may 
copulate, become pregnant and deliver living young at full term. 

In female recipients regular oestrous cycles and pregnancies occurred even 
when the donor was a male rat. The functional activity of the grafted hypo- 
physial tissue appeared most consistently when the donors were the recipients’ 
own newborn young. 

(3) Grafts of pituitary glands obtained from the recipient’s own young seem 
to exert a gonadotrophic action earlier than normal. Thus in a hypophysecto- 
mized rat receiving anterior lobe grafts of her 2-day-old young, oestrous cycles 
reappeared 10 days after operation, that is when the donors would have been 
12 days old. 

(4) Animals in which similar grafts were made under the temporal lobe of 
the brain, a place which could not be reached by the portal vessels, showed no 
evidence of anterior pituitary function. 

As it was shown by Fisher, Ingram & Ranson (1938) that the nerve fibres 
of the pituitafy stalk do not regenerate after section it is believed that the 
present results support the view that normal anterior pituitary function is 
dependent on the hypothalamus and the connecting link, the hypophysial 
vessels, 7 
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Treatment of cats exposed to infection by influenza. By Parricia 
P. Scorr. Department of Physiology, Royal Free Hospital School of Medicine, 
London, W.C.1 


In searching for means of reducing losses amongst cats, unavoidably exposed 
to influenza infections introduced into the colony by new animals, it has been 


found that a dose of 2-3 ml. (according to size) of an aqueous solution con- 
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taining 50 mg./ml. sodium sulphathiazole given subcutaneously is effective. 
Subcutaneous injections are preferred to intramuscular and do not produce 
irritation or necrosis in cats. The dose is administered to all cats, healthy or 


otherwise, immediately an outbreak of influenza is suspected. Cats showing 


definite symptoms of nasal discharge, painful movement and dyspnoea or a 
tense abdomen with salivation, vomiting and diarrhoea receive further injec- 
tions every 12 or 24 hr. Such cats are kept warm and quiet in individual cages 


and encouraged to drink. 


In three recent outbreaks, in which the treatment was used, the mortality 


rate, and the proportion of cats and kittens showing symptoms, were greatly 
reduced compared with previous attacks. 


_ Lamination and fibre size of the human spino-thalamic tract. By 


R. A. Baux, Department of Neuro-surgery, Crumpsall Hospital, Manchester, 
and P. GLxES, University Laboratory of Physiology, Oxford 


In two human cases, one a chordotomy at Th. 3 and a midbrain tractotomy, 


the other a spinal cord compression and a midbrain tractotomy, Marchi pre- 


parations of spinal cord and brain stem show a lamination of the spino-thalamic 


| fibres similar to Walker’s suggested scheme (1940) (see Fig. 1). For localiza- 
tion of the spino-thalamic tract see Glees & Bailey (1950). 


4 


Fasciculus gracilis 


Spino-thalamic Spino-thalamic 
fibres fibres 
(laminated) (laminated) 
Fig. 1. Spinal cord cervical enlargement Fig. 2. Drawing under high power 
(patient Mu. w.) of the spino-thalamic fibres. 


Owing to some intermingling of the ascending systems and their being 
interspersed with proprioceptive fibres at cord level, no accurate fibre spectrum 
for one particular tract can be made in the cord, in spite of Haggqvist’s 
excellent study (1936). 

Our material, however, points out that such an analysis is possible at upper 
midbrain level. Fibre counts and measurements in normal Weigert sections 
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of the region occupied by the spino-thalamic fibres, as demonstrated by the 
Marchi sections, show about 1500 fibres. About 35% measure between 4 
and 6., the rest 2-4 fl., suggesting a conduction rate of between 30 and 10 
m./sec. when comparing our fibre sizes with those of Grundfest & Campbell 
(1942) and Lloyd (1941). Some fibres may reach 10 f., having probably a higher 
rate of conduction (Fig. 2). 
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The effect of the pituitary and growth hormone on the ability of the 
heart to hypertrophy. By Marcaret BRZNAK. Physiology Department, 
University of Birmingham 

Continuing earlier work (Hajdu & M. Beanäk, 1945) it was found that a 25% 

increase in the heart weight of normal male rats (170+ 15 g.) takes place in 

5 days following the narrowing of their aorta just below the diaphragm with a 

silver ring (0-85 mm. diameter). The weight increase of the heart is made up 

entirely by the left ventricle. The carotid blood pressure of such rats is raised 
to 150 mm. Hg from the normal 123 mm. Hg. 5 days after hypophysectomy 
the heart weight diminished by 17%, and the blood pressure fell to 77 mm. Hg. 

If the aorta is narrowed simultaneously with the hypophysectomy, there is 

no hypertrophy of the heart, its weight is 11% below normal, the blood pressure 

being 100 mm. Hg. Daily injections of 100 ng. somatotropin (Armour Labora- 
tories) for 5 days have no influence on the heart weight and blood pressure of 
normal rats, neither do they increase the heart hypertrophy following con- 
striction of the aorta. The same treatment, starting on the day of hypophys- 
ectomy, prevents the body-weight loss, otherwise occurring in hypophysecto- 
mized rats (—13-5 g. in 5 days); on the other hand, it does not prevent the 
weight loss of the heart following hypophysectomy, though the diminution of 
the heart weight is slightly less than without somatotropin, and the blood 
pressure is 97 mm. Hg. If somatotropin is given to rats whose aorta is narrowed 
simultaneously with the hypophysectomy, the heart weight increases as 
compared to hypophysectomized animals but does not attain the normal value, 
while the blood pressure reaches the normal, not narrowed, level (124 mm. Hg). 
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Factors affecting the urinary excretion of sodium, potassium and 


chloride. By J. A. Barciay and M. Isranm. Department of Physiology, 
University of Birmingham 


The effect of a water diuresis on sodium, potassium and chloride e has 


been studied. The concentration (L) of all three fell. Total excretion (UV) 
behaved as shown in the table. When exercise is taken during a water diuresis, 
urine concentration of all three ions remains low, i.e. in spite of the fall in 
urinary volume all three substances behave as though diuresis was still con- 
tinuing. Total excretion as a consequence of the drop in both U and V falls 


| markedly for all three. 


Effect of exercise and pituitrin on total excretion (UV) 


Chlorides K Na 
No. of 7 25 25 
Exp. subjects + 0 - 4 0 — + 0 — 
Controls 18 16 2 5 12 3 3 10 6 2 
Exercise 12 ‘ 12 12 3 12 
Pituitrin 9 5 ; 4 7 : 2 4 ; 5 


Posterior pituitary extract (Pituitrin, Parke Davis and Co.) in doses from 
1x 10 to 1 c.c. given during a water diuresis leads to an immediate rise in 
concentration of the three substances, and this rise may be greater than the fall 


in volume, since as shown in the table, total excretion rose in about half the 


cases. In some experiments, however, there was a fall in total excretion; these 
instances were all associated with larger doses of pituitrin. 

The possibility that in exercise the presence of a water load rather than the 
existence of a diuresis is the effective stimulus to reduced concentrations was 
tested on subjects receiving no water. Once more concentration and conse- 
quently the total amount fell. In controls taking no water there was a slight 
rise in total excretion, in those given pituitrin no change and with larger doses 


a fall in all three. 


Kattus, Sinclair-Smith, Genest & Newman (1949) have drawn attention to 


the similarity between the effect of exercise and congestive heart failure on the 


pattern of renal excretion. One factor common to both is renal ischaemia; 


however, the changes in electrolyte excretion may be prolonged, whereas the 


fall in renal plasma flow is short lived (Barclay, Cooke, Kenney & Nutt, 1947). 
The other factor common to both, namely stress, would appear to be a better 


denominator. 


re 
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The effect of high and low oxygen inhalation on the respiration of 
the newborn infant. By K. W. Cross and Pameta Warner | 


Radiographic studies on the intestinal pattern of infants and 
children. By R. Astiry and J. M. Frencu 


Distribution of cholinesterase and choline acetylase in the brain. 
By P. Fraser and I. Waspa 
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